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ABSTRACT 

 
A body’s axial temperature distribution at death was experimentally demonstrated 

by the author to predict the postmortem temperature plateau (PMTP), which is 

known to affect the measured core temperature value and hence death-time 

estimation. Yet today’s methods of death-time estimation apply only a single-point 

approximation of a body’s core temperature in life as well as a single-point 

measurement of a body’s core temperature after death.  

Four studies were carried out to understand the relationship between a body’s axial 

temperature distribution and the PMTP. The first study numerically approximated 

antemortem temperature distribution in an MRI-built, high-definition, anatomically-

segmented 3D computational human phantom consisting of several hundred tissues. 

Metabolic heat generation (𝑄𝑄𝑚𝑚) and blood perfusion (𝜔𝜔𝑏𝑏) parameters were applied 

to all thermogenic tissue using the Pennes BioHeat Model. The study demonstrated 

that the antemortem axial temperature distribution was nonlinear, that tissue 

temperature distribution was inhomogeneous, and that the position and size of the 

antemortem central isotherm was predicted by the size, shape and location of the 

most thermogenic internal organ in a given axial plane. Numerical approximation 

of a body’s antemortem axial temperature distribution using this study’s materials 

and methods was proposed for death-time estimation. 

The second study examined postmortem axial heat transfer. The approximated 

antemortem axial temperature distribution constituted the initial condition. 𝑄𝑄𝑚𝑚 and 

𝜔𝜔𝑏𝑏 were set to zero to simulate death. Postmortem cooling was simulated in still 

air, on a cold concrete floor and on a heated floor. The antemortem central isotherm 

that single-point core thermometry detects was the PMTP. Its size at death, body 

radius, axial thermometry-depth and length of the postmortem interval (PMI) all 

predicted PMTP length. The cold concrete floor shifted the central isotherm away 

from the floor, while the heated floor shifted it towards the floor. Ground 

temperature and material properties, along with the aforementioned PMTP 
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predictors, result in variation in measured single-point core thermometry values, yet 

today’s death-time estimation methods do not measure, approximate or standardise 

them. This is a source of uncertainty. This study demonstrated that a body’s 

postmortem axial thermal profile was very specific to the PMI at which it exists, 

including during the PMTP that single-point core thermometry detects. This study 

proposed a body’s measured postmortem axial thermal profile for death-time 

estimation to reduce PMTP uncertainties. The study also proposed numerical 

modelling of the ground, its temperature and material properties. 

The third study proposed a multipoint axial thermometry (MAT) device to measure 

a body’s postmortem axial thermal profile. The author designed the device 

prototype. Its fabrication was outsourced. Empiric and numerical MAT studies 

were conducted on a cooling dummy and 3D human phantom, respectively. MAT 

curves indicated a parabolic shape. 

The fourth study proposed a numerical protocol for death-time estimation that 

iteratively tested a MAT profile measured at an unknown PMI from a decedent 

using the proposed MAT device against MAT profiles predicted by numerical 

simulations of sequentially longer candidate PMIs. A candidate PMI whose MAT 

profile matched was considered the PMI estimated by the protocol. The proposed 

protocol applied the exact historical meteorological temperatures that existed during 

the final estimated PMI. Application of the protocol was demonstrated using a 

fictitious scenario in which a candidate PMI within 120s of the final estimated PMI 

was excluded. Potential sources of uncertainty of the proposed protocol were 

discussed and concluding remarks on future research were made. 
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Chapter 1 
 

Introduction and background 

In 2009, the author, Sipho Mfolozi, registered for the degree of Master of Medicine 

in Forensic Pathology at the University of Cape Town, South Africa. The aim of 

his research was to derive empiric corrective factors of measured wind-speed and 

measured relative humidity, to build onto those of the Henβge1 Rectal Temperature 

Nomogram method of death-time estimation. His dissertation title was Cooling 

rates of dummies under various degrees of air humidity, wind speed and air 

temperature2. The corrective factors Mfolozi sought were to be programmed into 

an electronic device for estimating the postmortem interval that he had invented 

that year. The device was patented in South Africa in 20113,4.  

Human surrogates Mfolozi used were known as cooling dummies, the same kind 

used by Henβge in the 1970s and 80s. Mfolozi fitted permanent digital 

thermocouple probes in their deep-core to record their temperature during 

postmortem cooling. Mfolozi would preheat the cooling dummies to 37°C in an 

incubator to simulate antemortem temperature distribution. Subsequent postmortem 

cooling after removal from the incubator produced a postmortem temperature 

plateau (PMTP). This is a well-documented period in the early postmortem cooling 

phase during which the core temperature remains relatively stable for a variable 

interval. PMTP causes were poorly understood and controversial.  
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The PMTP was a particularly contentious topic because a mathematical method of 

estimating the PMI had to take it into consideration. A mathematical expression of 

rectal cooling, which had been described by Marshall and Hoare5 and was the basis 

for the Henβge’s Nomogram method, consists of a term whose exponent represents 

the PMTP. Attempts to describe methods of quantifying the PMTP value of a given 

dead body that would be neatly applied to Marshall and Hoare’s mathematical 

expression proved unsuccessful. The PMTP thus remained a source of uncertainty 

of death-time estimation despite many studies that tried to explain its causes. 

Among Mfolozi’s cooling dummies, one was modified by fitting a cylindrical 

electrical aquarium heater at its core to expedite rewarming at the end of a cooling 

experiment. The modified cooling dummy exhibited a 3-hour PMTP after incubator 

preheating, as expected. However, it failed to produce a PMTP after its core was 

preheated to 37°C using its internal aquarium heater. That observation was 

unexpected, and initially Mfolozi had no explanation for it. As far as he was 

concerned, all known experiment parameters that had previously caused a PMTP to 

appear had not been altered: the modified cooling dummy’s core temperature was 

37°C in both instances at death, and the ambient air temperature was also the same 

in both instances. At the time of the study, there was no description in the literature 

of a study in which a body that had previously demonstrated a PMTP failed to 

demonstrate it under certain conditions. Causing the PMTP to disappear was not the 

intention of his study.  

To explain this observation, Mfolozi placed a thermometer sensor on the skin of the 

modified cooling dummy followed by preheating in the incubator. Incubator 
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preheating caused uniform body temperature – both the skin and deep core 

temperature was 37°C at death. Precipitous lowering of skin temperature occurred 

after removal from the incubator (death), while core temperature remained 37°C for 

the 3 hours afterwards. Mfolozi surmised that rapid skin cooling caused cooling of a 

thin layer of the body immediately beneath the skin, which itself caused cooling of 

an even deeper body layer, and so on, in a domino effect. This sequential cooling 

process thus propagated away from the skin towards the core, and was sustained by 

continued cooling of the skin. The cooling process continued as long as a 

temperature gradient existed between the skin and the core. Mfolozi surmised that 

the cooling process propagated slowly due to thermal properties of the body. The 

cooling process eventually reached the core 3 hours after death, where it caused core 

cooling. Mfolozi concluded that it was the ‘delayed propagation of this sequential 

cooling process’ that caused the PMTP. The prerequisite was that core and skin 

temperatures at death had to be both high. 

To explain absence of the MPTP, Mfolozi preheated the modified cooling dummy’s 

core to 37°C using its internal aquarium heater and then recorded core and skin 

temperatures after switching off the aquarium heater (death). The skin sensor 

indicated that skin temperature was already low at death (15° C). The core 

thermocouple probe recorded the highest rate of cooling precisely when the PMTP 

was expected on the cooling curve, which also lasted for exactly 3 hours. Mfolozi 

surmised that absence of the PMTP in that experiment, which was replaced by the 

most rapid core cooling rate, was the result of the hot core being surrounded by a 

cold body as indicated by the skin sensor. In other words, the magnitude and 
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direction of temperature difference between the core and skin, alternatively referred 

to as the antemortem axial temperature distribution in this thesis, is the entity that 

predicted presence or absence of the PMTP. Body core temperature at death on its 

own was not sufficient as a predictor. At the time of the study, the Rectal 

Temperature Nomogram method applied a single-point body core thermometry 

value measured rectally from a dead body at an unknown PMI. No death-time 

estimation method quantified the antemortem magnitude and direction of 

temperature difference between the core and skin. 

Mfolozi appreciated that postmortem heat transfer occurred from the body core 

through the body bulk by thermal conduction to the skin, and from the skin to the 

environment through thermal conduction, thermal convention, and thermal 

radiation. He also appreciated that coldness, like darkness, was not a physical entity. 

Nonetheless Mfolozi imagined the hypothesised sequential cooling process 

responsible for the PMTP to be a measurable thermal event, and because it 

evidently propagated in a direction opposite to heat flow, he imagined it was a wave 

having an amplitude equal to the core-surface temperature gradient at death. 

Mfolozi therefore called it the ‘core-surface temperature gradient wave’, with which 

he further hypothesised that:  

 the axial thermometry-depth was directly proportional to PMTP 

length within a given body.  

 when the ratio of thermometry-depth to body radius was standardised 

among different bodies, body radius was directly proportional to 

PMTP length. 
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 no PMTP would be recorded at any location in the body if 

thermometry was undertaken at that location after the ‘wave’ had 

already reached that location. In other words, the PMTP length was 

inversely proportional to the PMI (time from death to thermometry).  

 the postmortem thermal-core, generally regarded to be a static entity, 

was gradually shrunk axially by the ‘wave’ and therefore was not 

static; and  

 the position of the postmortem thermal-core was influenced by 

thermophysical properties of the ground (temperature, density, 

thermal conductivity, thermal capacitance). Accelerated skin cooling 

caused by a cold surface shifted the postmortem thermal-core away 

from the ground.  

Mfolozi was concerned by absence of these hypotheses in forensic / postmortem 

cooling / death-time estimation literature. To him, his hypotheses suggested that: 

1) thermometry-depth should be standardised in death-time estimation methods 

that used a core temperature measurement, yet no method did this at the time.  

2) body radius should be incorporated in death-time estimation methods that used a 

core temperature measurement, yet no method did this at the time.  

3) thermophysical properties of the ground-surface should be incorporated in 

death-time estimation methods that used a core temperature measurement, yet 

no method did this at the time; and 

4) axial temperature distribution at death should be formally approximated for a 

body and applied in death-time estimation, yet no method did this at the time.  
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Mfolozi’s hypotheses proved to be the turning point in his master’s research. They 

abruptly transformed his research from being a regular forensic pathology problem 

to being a heat transfer problem. At the time of the study, Mfolozi had no formal or 

informal training or qualification in mechanical engineering. Midway through his 

research, Mfolozi conducted a second literature review on heat transfer and 

discovered that mechanical engineers were already familiar with hypothesised heat 

transfer process – Fourier’s Law. Mfolozi acknowledged this in his dissertation. 

Mfolozi appreciated that further research on postmortem heat transfer was required 

to better understand PMTP causes so that a method of death-time estimation that 

avoided PMTP uncertainties could be developed. Mfolozi concluded his master’s 

dissertation without deriving corrective factors for the Henβge Rectal Temperature 

Nomogram method as originally planned. He graduated in 2013. His examiners 

encouraged him to continue his research by pursuing the degree of Doctor of 

Philosophy in Forensic Pathology, advice he heeded. Two years prior to graduating, 

Mfolozi obtained a Fellowship in Forensics Pathology from the Colleges of 

Medicine of South Africa (CMSA) and became a qualified specialist forensic 

pathologist. In 2014 he registered for the degree Doctor of Philosophy in Forensic 

Pathology at the University of Cape Town through the Faculty of Health Sciences. 

He requested and received supervision, support and guidance from the Faculty of 

Mechanical Engineering and Built Environment of the University of Cape Town. 
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Chapter 2 

Research aims, objectives and setting 

 
2.1 Research Aims 

The overarching goal of this PhD research was to contribute towards advancing the 

science of thermometric death-time estimation. The research aims of this thesis 

were: 

2.1.1 To understand postmortem axial heat transfer in the human body, particularly 

during the PMTP period (to prove/disprove the author’s mater’s dissertation 

hypotheses).  

2.1.2 To apply that understanding to develop a method of death-time estimation 

free of PMTP uncertainties.  
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2.2 Research Objectives 

Primary objectives, as set out at prior to beginning of this research, were: 

2.2.1 To apply numerical analysis as a method of choice for studying axial heat 

transfer in the human body during postmortem cooling. Proprietary 

numerical analysis software often consists of a post-processing 

visualization tool that the author hoped to exploit to demonstrate his ‘wave 

hypothesis’, even after becoming aware of Fourie’s Law. This objective 

therefore defined one of the research methods. 

2.2.2 To apply a high anatomical-fidelity 3D computational phantom as a human 

surrogate in the intended numerical analysis. The belief was that a better 

understanding of postmortem axial heat transfer could only occur if the 3D 

computational phantom was as geometrically consistent as possible with 

human anatomy in terms of organ size, organ shape, organ position, and 

organ relations. The author hoped to improve on 3D computational 

phantoms used by Mall and Eisenmenger1,2, Schenkl et al3 and Weiser et 

al4, all of which consisted of just 14 organ-domains. This objective 

therefore defined one of the research materials. 

2.2.3 To propose separation of numerical approximation of antemortem 

temperature distribution from numerical estimation of the postmortem 

interval. The belief was that such separation would help define the moment 

of death. Another motivation for the separation was to demonstrate that the 

PMTP can be demonstrated in numerical simulation without using 
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deliberate methods such as application of a calibrated decrease-rate of heat 

production used by Mall and Eisenmenger 1,2. In other words, separation 

was intended to demonstrate that supravital energy production was not a 

cause of the PMTP. A third motivation was the belief that separation would 

allow systematic approximation of the antemortem total-body temperature 

distribution not comingled with postmortem cooling simulation. 

2.2.4 To numerically estimate the antemortem temperature distribution by 

applying organ-specific metabolic rates and organ-specific blood perfusion 

rates (collectively referred to in this thesis as biothermal parameters), in 

preference to the approach adopted by Mall and Eisenmenger 1,2 of 

apportioning fixed percentages of the calculated power-mass density value 

to various organs and body regions. Databases of organ-specific biothermal 

parameters exist, and the author felt that the organ blood perfusion and 

metabolic rates do not restrict themselves to fixed percentages. The 

secondary aim was to apply these parameters and assess results with 

known antemortem temperature distribution patterns as described in the 

literature.   

2.2.5 To apply the solution of a numerical analysis that predicted antemortem 

temperature distribution in initial conditions of a numerical analysis that 

simulates postmortem cooling by natural convection and thermal radiation 

only, i.e. without thermal conduction to the environment. This study was to 

form a baseline simulation against which later simulations under altered 

cooling conditions would be compared. Post-processing tools would be 
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used to visualise postmortem heat transfer in the axial plane to confirm or 

refute the author’s mater’s dissertation hypotheses about causes of the 

PMTP. 

2.2.6 To apply the solution of a numerical analysis that predicted antemortem 

temperature distribution, as described in item 2.2.4 above, in initial 

conditions of a numerical analysis that simulates postmortem cooling by 

natural convection, thermal radiation and thermal condition with a cold 

ground-surface. This study would prove or refute the author’s master’s 

degree hypothesis that temperature and thermophysical properties of a 

ground-surface modify the rate of postmortem cooling and result in shifting 

of the postmortem central isotherm relative to the ground. The study would 

demonstrate that the ground-surface was not an infinite heat-sink that did 

not need to be modelled in the simulation, as asserted by Mall and 

Eisenmenger 1,2. This study would apply the numerical analysis described 

in 2.2.5 above as the baseline simulation for comparing effects of 

temperature and thermophysical properties of a ground-surface. 

2.2.7 To apply the solution of a numerical analysis that predicted antemortem 

temperature distribution, as described in item 3.2.4 above, in initial 

conditions of a numerical analysis that simulates postmortem cooling by 

natural convection, thermal radiation and thermal condition with a heated 

ground-surface. The aims of this objective to prove the effects of high 

temperature of a ground-surface on the rate of postmortem cooling and 

shift of the postmortem central isotherm.  
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Secondary aims and objectives were defined as those formulated during the course 

of the study as informed by results and conclusions of ongoing research to meet 

primary objectives. To this end, the secondary aim was to propose measurement of 

postmortem axial isotherms as a new thermometry procedure that reduces 

uncertainties associated with the PMTP. Secondary objectives were therefore: 

2.2.8 To design and fabricate a multipoint axial thermometry device, whose 

application in death-time estimation is unprecedented. 

2.2.9 To explore technical and logistical considerations of multipoint axial 

thermometry in the human body in the context of death-time estimation 

using numerical analysis.  

2.2.10 To propose a numerical protocol of death-time estimation that applies axial 

isotherm thermometry.  

2.2.11 To exploit the nature of the proposed numerical protocol of death-time 

estimation to apply temperature measurements from a periodic historical 

meteorological record from the nearest weather station.  

2.2.12 To demonstrate application of the proposed protocol. 

2.2.13 To explore theoretical sources of uncertainty of the proposed protocol. 
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2.3 Setting 

All the studies were performed while Sipho Mfolozi was a registered PhD candidate 

of the University of Cape Town between the years 2014 and 2020. 

IT’IS Foundation & University of Cape Town (UCT) Research Contract 

The University of Cape Town and IT’IS Foundation, Switzerland, formally entered 

into a research contract in which the University of Cape Town was granted an 

academic licence to use Virtual Family v1.x 3D computational phantoms (Ella, 

Duke, Billie, Thelonious). The contract, by extension, also included licence for use 

of the multiphysics solver called Sim4Life® by Zurich Med Tech, Switzerland.  
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2.4 Chronology of studies 

Chapter 6 

Mfolozi S, Malan AG, Bello-Ochende T, Martin LJ. Numerical approximation of 

total-body temperature distribution at death.  

The aim of this study was to demonstrate numerical analysis of antemortem 

temperature distribution in a high-definition anatomically segmented 3D 

computational phantom by applying organ-specific biothermal parameters. The 

solution of the analysis would constitute initial conditions numerical analysis in 

chapter 5 that simulated postmortem cooling.  

Chapter 7 

Mfolozi S, Malan AG, Bello-Ochende T, Martin LJ. Numerical analysis of 

postmortem axial heat transfer. 

The aim was to study axial heat transfer during simulated of postmortem cooling of a 

high-definition anatomically segmented 3D computational phantom in air, on cold 

concrete and on a heated surface. The aim was to prove the many hypotheses by 

Mfolozi5 regarding the PMTP and the central postmortem isotherm. 

Chapter 8 

Mfolozi S, Malan AG, Bello-Ochende T, Martin LJ. Multipoint axial thermometry. 

The aim was to propose multipoint axial thermometry for death-time estimation and 

demonstrate it empirically and numerically using a proposed  propose multipoint 

axial thermometry device. 
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Chapter 9 

Mfolozi S, Malan AG, Bello-Ochende T, Martin LJ. A Numerical Protocol for 

Death-time Estimation  

The aim was to propose a numerical protocol of death-time estimation that applied 

multipoint axial thermometry iterative comparison and representative historical 

meteorological data.  

Chapter 10  

Mfolozi S, Malan AG, Bello-Ochende T, Martin LJ. Limitations and sources of 

uncertainty.  

The aim was to discuss limitations and sources of uncertainty arising from the 

proposed numerical protocol  

Chapter 11 

Mfolozi S, Malan AG, Bello-Ochende T, Martin LJ. Conclusions. The aim was to 

discuss the potential impact of the proposed protocol to the science of death-time 

estimation as well as for future research. 
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2.5 Outline of thesis 

In Chapter 1 an introduction and background are presented in which the motivation 

for this thesis is given.  

In Chapter 2 research aims, objectives, setting and thesis coherence are provided. 

In Chapter 3 a bibliographic review of thermometric death-time estimation methods 

relevant to this thesis is presented. 

In Chapter 4 a bibliographic review of bioheat modelling methods is presented. 

In Chapter 5 research materials and methods are presented. 

In Chapter 6 a numerical method to approximate antemortem body temperature 

distribution using an anatomically segmented 3D computational phantom and organ-

specific metabolic and blood perfusion rates is presented and results analysed.  

In Chapter 7 numerical analysis of postmortem axial heat transfer is undertaken 

using a high-definition anatomically segmented 3D computational phantom cooling 

in air, on cold concrete and on a heated floor.  

In Chapter 8 multipoint axial thermometry is proposed  and demonstrated 

empirically in a cooling dummy and numerically in a 3D computational phantom 

using a proposed  multi-point axial thermometry device. 

In Chapter 9 a numerical protocol for death-time estimation that applies iterative 

multipoint axial thermometry comparisons is proposed and demonstrated. 
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In Chapter 10 sources of uncertainty and limitations of the proposed numerical 

protocol are discussed. 

In Chapter 11 concluding remarks regarding the impact of this thesis to the science 

of death-time estimation and to future research are given. 
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2.6 Coherence of the thesis 

I (Sipho Mfolozi) am the author of all ten chapters of this thesis and was the lead 

investigator in all studies. The chapter 6 study forms the basis for the chapter 7 study. 

The chapter 7 study forms the basis for proposal of the device described in chapter 8. 

Studies in chapter 7 and chapter 8 form the basis for proposal of the numerical 

protocol described in chapter 9. Chapter 10 discusses potential sources of error of the 

protocol proposed in chapter 9. Chapter 11 provides concluding remarks of the 

thesis. Professor Arnaud George Malan, Professor Tunde Bello-Ochende and 

Professor Lorna Jean Martin jointly supervised the studies while I was registered as a 

student at the University of Cape Town, South Africa, which overlapped with my 

employment as the Head of Department of Forensic Medicine by the University of 

KwaZulu-Natal, South Africa. All computational studies applied the same research 

materials and methods. 
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Chapter 3 

Bibliographic review of death-time estimation 
methods 

 

3.1 Preamble  

Death-time estimation plays an important role in the justice system of many states in 

modern society. It is a forensic pathology subspecialty that involves multiple 

sciences as climatology, meteorology, microbiology, entomology, taphonomy, 

anthropology, molecular biology, biochemistry, and others. Evidence used for death-

time estimation may come from three sources:  

a) Anamnestic Evidence, that which is based on the decedent’s day-to-day 

habits, activities, and routines. This evidence is often gathered from family, 

relatives, neighbours, employees, co-workers, financial transactions, closed-

circuit television (CCTV) surveillance footage, cellular telephone activity and 

mapping, etc. Collection of anamnestic evidence is generally the 

responsibility of law enforcement agencies. 

b) Environmental Evidence, that which is present in the vicinity of the 

decedent’s body. Securing and preserving this type of evidence is also 

generally the responsibility of law enforcement agencies, although it may be 

of interest to sciences like forensic entomology. 

c) Corporal Evidence, that which is present on and in the body. This type of 

evidence is generally the responsibility of medical practitioners such as 
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medical examiners, coroners, and forensic pathologists, who generally have 

jurisdiction over the body. 

Corporal evidence may manifest in the body either during the so-called early 

postmortem period, which is from death to about 3 days, or the late postmortem 

period, which has no time limit. Bodily changes that occur in the early postmortem 

period used for PMI estimation include phenomena as body-cooling; rigor mortis1; 

livor mortis2; biochemical alterations3 in natural body-cavity fluids (vitreous 

humour, pleural fluid, cerebrospinal fluid, synovial fluid); stomach emptying4; 

postmortem electrical excitability of skeletal muscles5; protein-based approaches6 

and multiple other changes. These phenomena are subjects of continuous research 

and evolved into distinct sub-specialities under the general umbrella of ‘Death-time 

Estimation’. Fig. 3.1 depicts the general classification of death-time estimation 

literature and methods. This thesis falls under the category of ‘body-cooling’, and no 

further reference to the other categories shall be made. Similarly, methods of death-

time estimation based on bodily changes that appear in the late postmortem period, 

e.g. putrefaction, mummification, adipocerification, tissue breakdown by 

insects/scavengers, skeletonization and fossilization, are not relevant to this thesis. 
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Death-time Estimation 

Early-PMI Methods Late-PMI Methods 

Body cooling  Biochemical  Rigor 
Mortis 
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excitability 

Empiric Methods/ 
Archival Literature 

 

Numerical Methods/ 
Modern Literature 

 

Fig. 3.1 – A general classification of death-time estimation literature and methods. Red boxes 
indicate literature this thesis is limited to.  



32 
 

3.2 Current knowledge, critical questions and challenges related to 

thermometric death-time estimation 

Body-cooling methods of death-time estimation can generally be divided into two 

categories, namely empiric and numerical/mechanicalistic methods. Empiric 

methods apply one or other empirically derived mathematical expression of body-

cooling to calculate the body’s cooling time using an assumed antemortem body 

temperature value, together with a body temperature measurement made by an 

investigator at an unknown PMI. Numerical methods, on the other hand, apply laws 

of physics on a 3D computational phantom that represents the dead human body to 

mathematically model heat transfer by thermal conduction, convection, and 

radiation. Numerical methods therefore allow more variables that affect postmortem 

cooling to be included. This thesis falls under the ‘numerical methods’ category. 

Numerical methods can therefore be considered state-of-the-art because they 

advance on empiric methods, although the two categories still coexist in practice 

today and have some continuity and overlaps.  

Subsections discussed in the next few pages are a synthesis of ten subjects 

considered by the author to represent current knowledge, critical questions, and 

challenges in thermometric death-time estimation relevant to this thesis. 
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3.2.1 Postmortem rectal cooling is characterised by the PMTP 

Postmortem cooling has been known to occur in the human body since before time 

immemorial. Beginning in the 19th century, postmortem cooling was noted to be 

characterised by a lagging of internal visceral cooling several hours after death. 

Authors such as Davey7, Rainy8, Schwarz and Heidenwolf9, Sellier10, de Saram et 

al11, Marshall and Hoare12 and Henβge13 observed this phenomenon either at autopsy 

or during rectal thermometry. Core temperature time-curves in the first stages of 

postmortem cooling exhibited a sigmoid double-exponential shape caused by initial 

slow rate of cooling. This delayed core cooling became known as the postmortem 

temperature plateau (PMTP) and appeared inconsistent with Newton’s law of 

cooling14, would have otherwise been applied to calculate the PMI and settle the 

matter. Appearance of the PMTP varied among different studies. Some 

authors15,16,17,18,19,20 did not observe it in their subjects. The author of this thesis 

believes that variations of the PMI before thermometry was commenced in those 

studies were partially responsible for the PMTP’s unpredictability. 

Erstwhile rule-of-thumb methods of death-time estimation, including those described 

by Burman21, Rainy8, Womack22, Rhodes et al23 and Simpson24, did not feature the 

PMTP in their description. These methods were thus criticised by subsequent authors 

as being suboptimal25. The practice of addition of an arbitrary fixed time-value that 

represents the PMTP in a proposed  method of death-time estimation, e.g. standard 

addition of 45 minutes by the de Saram et al11 method, was also criticised as being 

suboptimal26. Other methods of death-time estimation that included the PMTP were 
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described. One was the so-called Triple Exponential Formula (TEF) method by Al-

Alousi et al18,19, which he devised for his proposed  microwave thermometry method. 

The TEF consisted of three exponential terms corresponding to the three cooling 

stages: namely the PMPT, the fast cooling phase following the PMTP and the slow 

cooling phase towards the end of cooling. Each exponential term consisted of two 

parameters whose description was nonetheless not provided. Temperature-curves 

plotted using Al-Alousi’s microwave thermometry did not show a PMTP. Al-Alousi 

attempted to correlate cooling factors of each body site with body parameters such as 

weight, height, surface area, hip width, head circumference, and cooling size (surface 

area/weight), all with little success. The exception was that thin and fat bodies could 

be distinguished using rectal temperatures. 

Marshall and Hoare12 mathematically expressed rectal cooling using a so-called 

‘Cooling Formula’ that consisted of two exponential terms, the second of which 

represented the PMTP. Marshall pointed out that using average values for the 

constants in the Cooling Formula (including constants of the PMTP exponential 

term) did not enable the TOD of a body found dead to be determined with a 

satisfactory degree of accuracy, unless the constants were determined specifically for 

that body concerned. In other words, cooling-formula constants that enable accurate 

death-time estimation are specific to a given body found dead and therefore must 

first be solved for. 
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3.2.2 No consensus on PMTP causes 

The logical next step after Marshall and Hoare’s Cooling Formula was description of 

a method of solving for Cooling Formula constants, including the PMTP-value of a 

given body, which would then neatly be applied into the Cooling Formula to estimate 

the PMI. For that to occur, causes of the PMTP first needed to be well understood. 

Several explanations were offered by various authors before and after the Cooling 

Formula was described. Rainy8 had stated that gradual cessation of the calorific 

process/postmortem supravitality and decomposition played a role in retarding 

cooling in the early postmortem period. Lundquist27 had suggested postmortem heat 

generation by glycolysis (glucose breakdown) in muscle over several hours. 

Shapiro25 had thought that cooling in the centre of the body was delayed until a 

temperature gradient was established by conduction from the body centre to the body 

periphery. Sellier10 had thought that the PMTP could be explained purely by 

elemental physical considerations, specifically the existence of a temperature 

gradient, pointing out that body radius had much more influence on the shape of the 

postmortem cooling curve than cooling conditions. Joseph and Schickele28 had 

attributed the PMTP to a small temperature gradient that exists at the core, also 

emphasising the significance of body radius. Brown and Marshall29  suggested that 

internal conductivity and thermal capacity of the human body retarded cooling of the 

core. Nokes et al30 suggested that anaerobic glycogenolysis (glycogen breakdown) 

was responsible for maintaining a temperature equilibrium shortly after death, and 

that the PMTP depended on environmental temperature, surface insulation and body 

size. Nelson31 stated that anaerobic respiration, cell lysis, chemical processes, 



36 
 

bacterial activity, and rigor mortis all contributed to causing the PMTP. Smart and 

Kaliszan32 stated that the appearance of the PMTP was random and could not be 

predicted, citing inter-individual differences in states such as core body temperature, 

hyperthermia, drugs, trauma, and biomarker concentration.  

The author33 in 2013 hypothesised that: 

A) The PMTP would be longest at the core when body temperature was uniform at 

death, but would be absent if at death the core was warm but the body around it was 

cold,  

B) The PMTP would be recorded as being the longest in a body with an initially 

uniform temperature distribution when thermometry was at the core. PMTP would be 

recorded as being progressively shorter and eventually absent as thermometry-depth 

reduced towards the skin,  

C) Core thermometry of a body whose temperature was uniform at death would 

result in the longest PMPT being recorded if the thermometry was commenced at 

death. The PMTP would be recorded as being progressively shorter if thermometry 

was commenced at increasingly longer PMIs,  

D) The PMTP of a body with a larger circumference (body radius) would be longer 

than that of a body with a smaller circumference (body radius) when core 

thermometry was commenced at death in both instances.  

The author opined that variation in the combination of these 5 factors resulted in the 

apparently unpredictable nature of the PMTP among different bodies.  
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This thesis demonstrates the true nature and cause of the PMTP phenomenon. The 

thesis proposes a numerical method of death-time estimation that avoids its 

uncertainty. 
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3.2.3 No method to solve for the PMTP value of a given body found dead 

While the debate of PMTP causes continued, Henβge34 empirically determined a 

strong correlation of the value of the cooling constant “𝐴𝐴” in Marshall and Hoare’s 

Cooling Formula with body-mass to the power of –0.625. Using that correlation, 

Henβge described the so-called Rectal Temperature Nomogram method35,36 that 

applied body mass and corrective factors for cooling conditions that differ from 

standard conditions, e.g. clothing and air-flow over the body. The Rectal 

Temperature Nomogram method became the widely accepted method of death-time 

estimation as it was relatively simple to use. It appeared to acceptably negate the 

need for solving for a given body’s specific PMTP-value by applying body mass and 

corrective factors. The Rectal Temperature Nomogram method reportedly had a 95% 

permissible variation of the estimated PMI in hours and was verified by a number of 

studies37,38,39,48,49. 

None of the PMTP causes suggested by the various authors manifested in the 

development of a method for solving for a given body’s specific PMTP-value as 

envisioned by Marshall and Hoare’s Cooling Formula. As stated in 3.2.2, the time 

between death and thermometry of a body found dead (i.e. its PMI), the very factor 

solved by the Cooling Formula, also predicted the measured PMTP value of that 

body. The author therefore believed that it was not practically possible to completely 

solve for all Cooling Formula constants that describe the PMTP value of a given 

body found dead, as envisaged by Marshall, unless the dead body was rewarmed to 

its initial condition at death and then re-cooled in identical conditions. 
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The PMTP debate appeared to subside after the Rectal Temperature Nomogram 

method was proposed , although work continued for alternative death-time 

estimation methods that avoided the PMTP problem altogether, e.g. outer ear 

thermometry methods by Kinawaku20 and Baccino et al40. As this thesis demonstrates 

in later chapters, the PMTP-value of a given body depends on multiple factors and 

the PMTP-value may vary for a given PMI in the same body.  

This thesis proposes a numerical protocol of death-time estimation that is free of the 

PMTP uncertainty.  
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3.2.4 Assumptions and approximation of antemortem body temperature  

Rectal temperature empiric methods of death-time estimation, such as Marshall’s 

Cooling Formula and the Henβge Rectal Temperature Nomogram method, operate 

on the assumption that antemortem body temperature is represented only by the 

body core having a temperature of 37°C. However, the living human body is 

generally accepted under normal conditions to consist of a cooler outer shell and a 

hot core. Outer shell temperature is therefore disregarded. Effects of antemortem 

body temperature on the rate of subsequent postmortem cooling were highlighted by 

Schwarz and Heidenwolf9. The requirement for accurate approximation of 

antemortem body temperature was pointed out by Al-Alousi et al18, particularly in 

relation to his microwave thermometry method. To approximate antemortem body 

temperature, Al-Alousi suggested averaging of temperature values at death to be 

used for the brain, liver, and rectum (naked and covered) based from their results. In 

erstwhile postmortem cooling studies, a number of authors stated that they excluded 

cases whose body temperatures before death were outside normal parameters26, 

without explaining how or when body temperatures were measured. Other authors 

simply did not report antemortem body temperatures of their subjects.    

The author’s 2013 study demonstrated that the temperature of the body-bulk 

between the core and skin played a significant role on the rate of cooling of the core. 

The suggestion from that study was that antemortem axial temperature must be 

approximated. In more general terms, the author’s 2013 study highlighted the 

impact a more complete understanding of PMTP causes has on appreciation of other 
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aspects of death-time estimation not previously considered to be sources of 

uncertainty.  

By their nature, empiric methods of death-time estimation do not possess the 

capability for approximation of antemortem body temperature, hence their reliance 

on a pre-approximated core temperature value. Numerical methods, on the other 

hand, have to state the initial temperature field of the 3D computational phantom 

used as a human body – the initial condition – before simulation of postmortem 

cooling. Different authors of numerical methods employed varying strategies to 

perform this approximation.  

In the heat-flow Finite Element Model (FEM) by Mall and Eisenmenger41,42 the 

initial temperature distribution of the 3D computational geometry’s skin was 

approximated from 37°C by a linear gradient down to 27°C on the surface layers of 

the distal extremities. The heat-flow FEM included ‘internal power’ as a boundary 

condition intended to represent a production of thermal energy within the body by 

supravital reactions in the phase of intermediary life. Production of thermal energy 

by supravital reactions in the phase of intermediary life was a concept theorised by 

Rainy8, de Saram et al11, Lundquist27, Nokes et al30, Nelson31 and Smart32 to be a 

cause of the PMTP, as stated in the previous sections. Although Mall and 

Eisenmenger did not explicitly use the word ‘PMTP’, the author of this thesis 

believes that ‘internal power’ and its calibrated decrease-rate reported to correlate 

with estimates by Lundquist were designed to induce a PMTP in the FEM.  



42 
 

To simulate the inhomogeneous temperature distribution that exists in life between 

the core and shell in their heat-flow FEM, Mall and Eisenmenger converted the 

approximated basal metabolic rate related to body mass into a power-density value – 

60% of it was apportioned to the body core (mediastinum, lungs, upper abdominal 

organs, gastrointestinal organs, kidneys and pelvic organs); 18% to the muscle 

compartment; 17% to the brain and 5% to bone and connective tissues of the face 

and neck. They applied this approach as a process separate from that of ‘internal 

power’ and its calibrated decrease-rate.  

Another numerical study in which antemortem temperature was approximated was 

performed by Schenkl et al43. They applied a second-order homogenous partial 

differential heat equation to define the initial temperature field at death of their CT-

derived computer model.  

Another numerical study that approximated antemortem temperature was described 

by Weiser et al44. They approximated the initial temperature field of a CT-derived 

phantom similar to that described by Schenkl et al by application of the Pennes 

bioheat equation, but without providing further information about resultant organ 

temperatures. Weiser also adopted the ‘internal power’ method described earlier by 

Mall and Eisenmenger to represent perimortem thermogenesis by supravital 

reactions. Numerical methods described by Mall and Eisenmenger41,42, Schenkl et 

al43 and Weiser et al44 undertook numerical approximation of the initial temperature 

field of the body as a continuation of numerical simulation of postmortem cooling. 
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The numerical method of death-time estimation by Wilk et al45 assigned a uniform 

initial body temperature of 37°C to the 3D computational phantom.  

This thesis proposes formal separation of the two processes, as well as application of 

metabolic and blood-perfusion rates to individual organ domains using parameters 

from the literature to simulate antemortem thermogenesis. This thesis demonstrates 

that abrupt cessation of organ thermogenesis at death produces a nearly 4-hour long 

PMTP without simulation of any supravital or postmortem thermal reactions. 
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3.2.5 Effect of cooling surfaces on postmortem cooling 

Types of ground surfaces on which postmortem cooling observed by authors were 

diverse. For example, typically reported postmortem cooling surfaces included 

wood7,12,15,26,46, cement11, metal11,13,18,19, rubber15 and bed21,47. Many other authors 

did not specify the type of cooling surface, while others simply stated that it was 

‘thermally neutral’. Even in studies that reported the cooling surface, the exact 

postmortem cooling conditions that preceded the study, which would have included 

the cooling surface, were always not reported.  

Several other authors however appreciated the effect of the cooling surface on 

postmortem cooling. Taylor and Wilks47 theorised that thermal conductivity of a 

ground-surface affected the rate of postmortem cooling. ‘Standard conditions’ of 

postmortem cooling, which were adopted in controlled observations, were defined as 

a naked body in the supine position on a thermally neutral surface in constant-

temperature air with no wind and no strong thermal radiation13,34,48,49.  The thermal 

neutrality of the surface was however not defined in terms of thermophysical 

properties, which of course influence the rate of heat transfer as some surfaces 

conduct heat better than others.  

Empiric methods of death-time estimation such as the Cooling Formula and the 

Rectal Temperature Nomogram method do not incorporate thermophysical properties 

of a given cooling surface in their estimation of the PMI. Numerical methods of 

death-time estimation on the other hand deal with ground-surfaces in a variety of 

ways. The heat-flow FEM by Mall41 modelled the temperature of ground-surface on 
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which the 3D computational phantom was placed to be equal to ambient air 

temperature, but its thermophysical properties were not mentioned and the ground 

surface itself was not modelled. The 3D computational phantom was in contact with 

the ground-surface on its entire posterior aspects involving the head, chest, and 

abdominal regions, which were flattened. In the author’s experience, a naked supine 

body comes into contact with a cooling surface only at body regions that exhibit 

contact-pallor. In applying the heat-flow FEM to five real-world cases42, the ground 

was assumed to represent an infinite thermal reservoir that rapidly conducted the 

warmth coming from the body. That assumption was regarded as convenient because 

the cooling surface then didn’t need to be modelled by finite elements itself, 

provided the nodes of the 3D computational phantom were kept touching the ground 

fixed at a constant environmental or ground temperature.  

This thesis will demonstrate that the ground may not always be an infinite heat-sink 

and that its temperature and thermophysical properties may affect the rate of 

postmortem cooling as well as the location of the postmortem central isotherm. The 

two factors would both affect the measured single-point core temperature value and 

hence accuracy of the PMI estimated by empiric methods. To be safe, this thesis 

proposes numerical modelling of the ground-surface using appropriate material 

property values to an extent that is practically possible. 
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3.2.6 Non-standardisation of the relative rectal thermometry-depth 

As stated in the previous subsections, several authors10,25,28,50,51 pointed out the role 

body radius played in predicting the shape of the postmortem core cooling curve 

with reference to the PMTP. The author had hypothesised in 2013 that bodies of 

larger radius would exhibit a longer PMTP and vice versa. The author had also 

hypothesised that different thermometry-depths in a given body at a given PMI 

would yield different single-point temperature measurements, which would then 

result in different PMI estimates by empiric methods.  

The literature indicates wide variation in thermometry-depth and anatomical sites of 

thermometry among various studies of postmortem cooling. The rectal 

thermometry-depth used by Schwarz and Heidenwolf9 was 12cm. The rectal 

thermometry-depth used by de Saram et al11 was 3 to 4 inches (7.62 to 10.16cm) 

into the anal sphincter. The rectal thermometry-depth used by Hensβe34 was 8cm 

beyond the anal sphincter. The tracheal thermometry-depth used by Nokes et al52 

was 25cm into the nostril. The microwave thermometry method of Al-Alousi18,19 

had a wavelength of around 9cm and was said to be able to penetrate distances of 

several centimetres though the tissue.  

Standardisation of relative thermometry-depth is evidently necessary to ensure 

uniformity among bodies of different radii. Neither empiric nor numerical methods 

of death-time estimation standardise thermometry-depth today. This thesis proposes 

a thermometry method that inherently standardises thermometry-depth. At the end 

of simulated postmortem cooling, numerical methods41,42,43,44 routinely extract body 
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temperature from the deep rectum of the 3D computational phantom for comparison 

with the rectal temperature measured from the dead body. However, numerical 

methods do not extract rectal temperature at the same body-radius thermometry 

depth used in the dead body. 

This thesis proposes a device and numerical protocol for death-time estimation in 

which standardization of relative thermometry depth occurs automatically. 
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3.2.7 Anatomical fidelity of 3D computational phantoms of numerical methods 

Numerical methods of death-time estimation apply 3D computational phantoms as 

human body avatars. Anatomical fidelity of these phantoms ensures representativity 

of the simulation to the physical postmortem heat transfer processes that affected a 

decedent’s body. Anatomical fidelity of 3D computational phantoms used in 

numerical death-time estimation methods ranges from simplistic to highly complex.  

The 3D computation phantom of the heat-flow FEM method41,42 was manually 

meshed and of low anatomical fidelity, consisting of 8328 solid cuboidal elements 

and 10154 nodes. Elements and nodes increased with inclusion of the ground. The 

FEM phantom consisted of 14 tissue compartments whose anatomical segmentation 

into constituent organs was low.  

The CT-derived 3D computational phantom proposed  by Schenkl et al43 and by 

Weiser et al44 was obviously built from CT images of a human body. However, it too 

consisted of 14 tissue compartments whose anatomical segmentation into constituent 

organs was low.  

The 3D computational phantom used by Wilk et al45 for numerical death-time 

estimation using non-invasive thermometry had very low anatomical fidelity. It 

consisted of cones representing arms and legs, an ellipsoid representing the head, and 

cylinders representing the neck and torso. Its proportions were dictated by 

standardized anatomical measurements and it consisted of just 2 tissue 

compartments, namely body fat and non-adipose tissue.  
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This thesis proposes use of a class of high-fidelity, high-definition, anatomically 

segmented 3D computational phantoms of varying age, sex, weight, and height as 

human body surrogates for numerical death-time estimation. 
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3.2.8 Application of historical meteorological data in death-time estimation 

Ambient air temperature affects the rate of postmortem heat transfer by thermal 

convection. Many studies of postmortem cooling often recorded the surrounding air 

temperatures during observations. In some instances, the air temperature was 

mechanically controlled in the mortuary environment. Almost all empiric methods 

of death-time estimation required an ambient temperature value. The Hensβe Rectal 

Temperature Nomogram method advised averaging of air temperature values from 

historical meteorological data of the nearest weather station. Averaging air 

temperatures faces two main challenges: 

A. The interval over which air temperature values to be averaged existed is 

required. For a body found dead, this interval is the body’s PMI. It is 

therefore illogical for the PMI of that body to be required for calculating an 

average air temperature that is then used to estimate that body’s PMI. The 

PMI applied in the averaging calculation might as well be regarded as the 

PMI and the averaging and/or death-time estimation need not be carried out. 

The author therefore believed that certainty of an averaged air temperature 

value applied in an empiric method was not possible as long as the PMI was 

the unknown. 

B. Averaging may erroneously be performed only for air temperature values 

and not of their duration. High air temperature values that existed for 

shorter periods would be over-represented. 
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This thesis proposes a method of applying historical meteorological air temperature 

measurements that existed between death and thermometry (i.e. during the PMI of 

a body found dead) in the correct sequence and duration they existed, without 

requiring prior knowledge of the very PMI being estimated.  
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3.2.9 Death-time estimation using single-point thermometry  

With the exception of the skin-temperature numerical method by Wilk et al45, nearly 

all empiric and numerical methods of death-time estimation make use of single-

point thermometry from a small anatomical location. Single-point core thermometry 

is inconsistent with approximation of antemortem body temperature distribution 

hypothesised by the author to affect the rate of postmortem core cooling. This thesis 

demonstrates that the following sources of uncertainty are natural manifestations of 

single-point core thermometry and can be reduced by eliminating single-point core 

thermometry: 

1) approximating the antemortem body temperature as 37°C rectal temperature, 

 2) the PMTP phenomenon,  

3) the thermometry-depth problem, and  

4) the ground-surface material properties’ problem causing shifting of the body’s 

central isotherm. 

To eliminate uncertainties of single-point core thermometry requires exploitation of 

the vast potential of numerical methods. Despite the potential to be independent of 

single-point thermometry, numerical methods of today continue to estimate the PMI 

by using a single-point temperature extracted at the deep rectum of their 3D 

computational phantom. This makes them susceptible to all the uncertainties of 

single-point thermometry that affect empiric methods.  
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This thesis proposes a multipoint axial thermometry (MAT) numerical protocol that 

eliminates single-point thermometry uncertainties. 
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3.2.10 Validation of numerical methods using empiric methods 

Despite having the potential to be independent of empiric methods, numerical 

methods discussed in previous sections41,42,43,44,45 were validated using the Hensβe 

rectal temperature nomogram method, which made them susceptible to uncertainties 

of single-point core thermometry this thesis now demonstrates to affect empiric 

methods. This thesis proposes that numerical methods are validated independent of 

empiric methods using MAT and case work. Validation of the numerical protocol 

proposed in this thesis using the Hensβe rectal temperature nomogram method was 

not possible because the latter provided different PMI estimates depending on 

temperature-depth applied, which it currently does not standardize. 
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Chapter 4 

Bibliographic review of bioheat modelling 
 

The subject of antemortem axial temperature distribution was described in chapter 2 

as the author’s hypothesised predictor of absence/presence of the PMTP. One of the 

objectives of this thesis was to apply bioheat modelling to predict antemortem 

temperature distribution. The aim of this chapter was to provide the context, 

perspective, and rationale for the choice of the bioheat model that is applied later in 

thesis. This thesis contributed towards a qualification in forensic pathology and not 

in mechanical engineering. Therefore, by reviewing bioheat modelling, the intention 

was not to purport the author as a heat-transfer expert.  

 

Bioheat modelling has applications in heating, ventilation, and air-conditioning 

engineering (HVAC) to predict human thermal comfort for the automotive, clothing 

and aerospace industries. Bioheat modelling, much like death-time estimation, is a 

science whose history spans several centuries, with some authors dating it back to 

ancient Greece1. And like death-time estimation methods, bioheat modelling 

literature today can roughly be divided into classic and modern methods. 
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4.1 Classic Bioheat Models 
Classic bioheat models are also often referred to as integer-order models without 

heat flux damping. They include the Penne’s bioheat model, the Wulff and Chen-

Holmes continuum models, and the Weinbaum-Jiji-Lemons models. 
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4.1.1 The Surface Heat Flux Model 

Prior to 1948, heat transfer from the body to the surroundings was quantified by the 

product of a thermal conductance and a measured temperature gradient between 

tissue and the surroundings2. This surface heat flux model could be mathematically 

expressed as: 

𝑄𝑄𝑠𝑠 =  𝜔𝜔𝑏𝑏𝜌𝜌𝑏𝑏𝑐𝑐𝑏𝑏𝐿𝐿𝑡𝑡(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑠𝑠) +
𝑘𝑘𝑡𝑡
𝐿𝐿𝑡𝑡

(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑠𝑠) =  𝐾𝐾𝑒𝑒(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑠𝑠)             (4.1) 

where 𝑄𝑄𝑠𝑠 was the surface heat flux through tissue of a given unit area, 𝜔𝜔𝑏𝑏 was the 

volumetric blood flow to the tissue per unit volume of it [(𝑚𝑚3 𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏⁄ ) 𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
3⁄ ], 

𝜌𝜌𝑏𝑏was blood density, 𝑐𝑐𝑏𝑏 was thermal heat capacitance of blood, 𝐿𝐿𝑡𝑡 was tissue 

thickness, 𝑘𝑘𝑡𝑡 was thermal conductivity of said tissue, 𝑇𝑇𝑏𝑏was body core temperature, 

𝑇𝑇𝑠𝑠 was skin temperature. The first term of the equation represented the thermal 

energy transported by blood flow through the tissue layers of depth 𝐿𝐿𝑡𝑡 while the 

second term was the Fourier law. 𝐾𝐾𝑒𝑒 was the effective thermal conductivity that 

could be determined by experimental measurements of skin heat flux, skin 

temperature and body core temperature at a depth of 𝐿𝐿𝑡𝑡. The second term 

represented heat transport by conduction. Works by Gagge et al3, Hardy et al4,5, 

Bazett et al6,7,8, Mendelson9 and Burton10 applied this method together with 

measurements of temperature gradients between the skin and the environment under 

varying environmental and metabolic conditions. 
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4.1.2 The Pennes BioHeat Model 

In 1948 Pennes11 was inspired by lack of rigorous analysis of the local thermal 

gradients inside human tissue and the effect of blood perfusion on the local heat 

transfer rate in deep tissue. He had realised that analytical differential heat transfer 

theory had not previously been applied to human tissue, and subsequently embarked 

on an experimental and rigorous theoretical study to examine the governing heat 

transfer principles in perfused tissue. He devised the Pennes bioheat equation (PBE) 

that calculated the transient temperature distribution of the human forearm in life 

and included radial thermal conduction, metabolic heat generation, thermal 

convection by circulating blood, and heat loss from skin surface by thermal 

convection, thermal radiation, and thermal conduction. The PBE can expressed in 

the form:  

𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡
𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝜕𝜕

= ∇ ∙ (𝑘𝑘𝑡𝑡∇𝑇𝑇𝑡𝑡𝑡𝑡) + 𝜌𝜌𝑏𝑏𝐶𝐶𝑏𝑏𝜔𝜔𝑏𝑏(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑡𝑡𝑡𝑡) + 𝑄𝑄𝑚𝑚                       (4.2) 

 

where 𝜌𝜌𝑡𝑡 was density of the tissue, 𝐶𝐶𝑡𝑡 was the specific heat capacity of the tissue, 𝑡𝑡 

was time, 𝑘𝑘𝑡𝑡𝑡𝑡 was thermal conductivity of the tissue, 𝜌𝜌𝑏𝑏𝑏𝑏 was density of blood, 𝐶𝐶𝑏𝑏𝑏𝑏 

was the specific heat capacity of blood, 𝜔𝜔𝑏𝑏 was the blood perfusion rate of the 

tissue, 𝑇𝑇𝑏𝑏 was the convective temperature of blood, 𝑇𝑇𝑡𝑡𝑡𝑡 was temperature of the tissue 

and 𝑄𝑄𝑚𝑚 was the metabolic-heat generation rate of the organ. In eqn. (4.2) each 

tissue’s metabolism constituted a continuous heat source that was assumed to be 

spatially homogeneous. Heat generated by each tissue was spread to adjacent tissues 

by thermal diffusion as well as blood perfusion. The mathematical representation of 
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the latter acted as a homogeneous, tissue-specific heat-sink term. The combined 

effects of endogenous metabolic heat, heat transfer by blood flow, heat transfer 

between tissues by thermal conduction, and heat transfer between the skin and 

ambient air by thermal convection and thermal radiation determined the overall 

temperature filed of the tissue. Following its publication, the PBE was criticised for 

its simplistic assumption of uniform metabolic heat, perfusion rate and thermal 

conductivity. Some of these criticisms are discussed in the next sections. 
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4.1.3 The Wulff Continuum Model 

Wulff12 pointed out that the PBE in its original form contained both local and global 

control systems before assumptions were made about thermal equilibration of blood 

in the circulation, which was physically inconsistent. His second criticism was that 

the original PBE contained three unknown temperatures, i.e. tissue temperature, the 

entrance arterial temperature and the exit venous temperature. Wulff suggested that 

two more equations were therefore required to fully define the system both 

mathematically and physiologically. His third criticism of the PBE was the 

representation of heat transfer between the solid tissue and moving fluid blood 

stream. Wulff asserted that since blood moved through tissue, it could convect heat 

in any direction and not necessarily only in the direction of the local tissue 

temperature gradient, pointing out that the isotropic term in the PBE did not account 

for convective heat transfer. A fourth criticism of the PBE pointed out by Wulff was 

that presence of arterial and venous circulation within the solid tissue rendered 

impossible the existence of the continuous tissue temperature gradients by the 

conduction term in the PBE. Wulff presented his own Continuum Model as an 

alternative to the PBE, which could be expressed as: 

 

𝜌𝜌𝑏𝑏𝑐𝑐𝑏𝑏
𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝜕𝜕

= 𝑘𝑘𝑡𝑡∇2𝑇𝑇𝑡𝑡 − 𝜌𝜌𝑏𝑏ν𝑏𝑏𝑐𝑐𝑏𝑏∇𝑇𝑇𝑡𝑡 + 𝑄𝑄𝑚𝑚                               (4.3) 

 

where 𝜌𝜌𝑏𝑏𝑐𝑐𝑏𝑏 was the heat capacity product (equal to the negative gradient of the net 

energy flux into the control volume), 𝜌𝜌𝑏𝑏 was blood density, 𝜈𝜈𝑏𝑏 was blood volume 



69 
 

and 𝜌𝜌𝑏𝑏𝜈𝜈𝑏𝑏 was the local blood mass flux. To derive the equation, Wulff made several 

assumptions of his own, namely that the gradient in blood temperature in eqn. (4.3) 

was equal to the gradient of the surrounding tissue temperature. Determination of the 

local blood mass flux value hindered practical application of the Wolff model. 
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4.1.4 The Klinger Continuum Model 

The analytical model of heat diffusion presented by Klinger in 197413,14 was 

conceptually similar to the Wolff model. It described thermal clearance experiments 

in which tissue perfusion rate was related to the rate at which deep-tissue 

temperature changed during point-source heating. Klinger argued that the PBE 

neglected effects of non-unidirectional blood flow when used to interpret the 

clearance experiments, thereby introducing significant errors in the computed 

results. To correct for lack of directionality in the PBE, Klinger proposed  that the 

convection field inside the tissue should be modelled on in vivo vascular anatomy by 

introducing the concept of convective multipoles that accounted for magnitude and 

direction of blood flow. The Klinger model assumed that tissue thermophysical 

properties were constant, and that blood flow was incompressible. The Klinger 

model introduced the concept of enhancement of tissue thermal conductivity due to 

the presence of blood flowing in the tissue via a conduction tensor. The model used 

the Green’s function solution to quantify the significance of vessel number density, 

blood perfusion rate and vessel architecture on the enhancement of tissue 

conduction. Significant observations made by Klinger were: 

a) that the temperature field was mostly influenced by the geometric 

arrangement of blood vessels,  

b) that a co-current flow structure resulted in a mean velocity that was 

analogous to the D’Archy velocity that enhanced conductivity in the flow 

direction, while the enhancement was independent of vessel density, and 
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c) that a counter-current system of blood vessels influenced tissue conductivity 

anisotropically, the magnitude of which was inversely proportional to blood 

vessel density and proportional to the total volumetric blood flow rate in the 

tissue.  

 

These results emphasised the significance of geometry and flow direction of the 

microcirculation, which was not considered by the PBE.   
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4.1.5 The Chen-Holmes Continuum Model 

The model by Chen and Holmes15 employed a continuum description of the tissue-

blood control volume, like the models described by Wulff12 and Klinger13. This was 

justified by the presence of many smaller blood vessels in a tissue volume, whose 

characteristic dimension was significantly larger than those of the individual blood 

vessels. That effect on the heat transfer on the tissue was based on statistical 

grouping of small blood vessels and was incorporated in the physical parameters that 

governed heat transfer. The Chen-Holmes model was thus a microvascular model in 

which effects of blood vessels of 1mm diameter or more were excluded from the 

energy balance equation, as they would have otherwise violated the continuum 

assumption that the length scale of the tissue temperature variations was much larger 

than the dimension of the individual blood vessels. The Chen-Holmes bioheat 

equation was expressed as: 

 

𝜌𝜌𝜌𝜌
𝜕𝜕𝑇𝑇t

𝜕𝜕𝜕𝜕
= ∇ ∙ 𝑘𝑘t∇𝑇𝑇t + ∇ ∙ 𝑘𝑘𝑝𝑝∇𝑇𝑇t + 𝜔𝜔j

∗𝜌𝜌b𝑐𝑐b(𝑇𝑇𝑏𝑏∗ − 𝑇𝑇t) −  𝜌𝜌b𝑐𝑐bvp ∙ ∇𝑇𝑇t + 𝑄𝑄𝑚𝑚      (4.4) 

 

where 𝜔𝜔𝑗𝑗∗ was the tissue’s total perfusion bleed-off from the micro-vessels past the 

𝑗𝑗∗th generation of branching, 𝑇𝑇𝑏𝑏∗ was the blood temperature at the 𝑗𝑗∗th generation of 

branching, 𝑘𝑘𝑝𝑝 was the perfusion conductivity representing the effect of blood flow, 

𝑇𝑇t was the volume-weighted continuum temperature of the tissue and 𝜌𝜌bvp was the 

mass flux of blood flowing through the tissue. The second term of eqn. (4.4) on the 

right-hand side modelled the enhancement of thermal conduction in the tissue due to 
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blood flow within blood vessels whose thermal equilibration lengths were of the 

same order of magnitude as the lengths of the blood vessels themselves. At first 

glance, the third term of eqn. (4.4) on the right-hand side was similar to the 

perfusion heat-source term of the PBE in eqn. (4.2).  However, the 𝜔𝜔𝑗𝑗∗ in eqn. (4.4) 

differed from 𝜔𝜔 in eqn. (4.2) in that, in eqn. (4.2), 𝜔𝜔 included bleed-off from all 

generations of vasculature. Secondly, Chen and Holmes demonstrated that 𝑇𝑇𝑏𝑏∗ was 

not equal to the initial arterial temperature of blood as it was ejected from the heart 

into the aorta. It was stated that the difference between the two temperatures could 

be 10-50%. To model bioheat transfer of larger blood vessels beyond the 𝑗𝑗∗th 

generation, Chen and Holmes proposed  individual examination of such arteries and 

veins as macroscopic entities. The fourth term of eqn. (4.4) on the right-hand side 

was the usual convective transport term that accounted for the effects on tissue heat 

transfer of direction of blood flow within the tissue. 

 

The concept by Chen and Holmes of introducing thermal equilibration length to 

account for bulk flow convection heat transfer instead of assuming thermal 

equilibration in all vessels of the circulation, as Wulff12 had done, made the Chen-

Holmes Continuum Model able to define an effective thermal conductivity in tissue 

by the convective transport associated with blood flow. This was similar to the 

approach by Klinger13,14. Also, the Chen and Holmes observed that thermal 

equilibration between blood and tissue occurred at the terminal branches of the 

arteries, thus demonstrating that the main assumption of the PBE, i.e. absence of 

precapillary heat transfer, was not possible. 
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Some observers2 commented that the Chen-Holmes bioheat equation could be 

reduced to the Pennes bioheat equation in the absence of anatomical data to 

determine v𝑝𝑝, 𝑘𝑘𝑝𝑝 and 𝜔𝜔𝑗𝑗∗, especially considering that 𝑘𝑘𝑝𝑝 was necessarily a 

complicated function of blood vessel geometry and architecture. Another criticism 

of the Chen-Holmes model was that it did not examine the effect of counter-current 

heat transfer between closely-spaced paired arteries and veins, something the 

Klinger model had done. 
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4.1.6 The Weinbaum-Jiji-Lemons Models 

Weinbaum, Jiji et al16,17,18,19,20,21,22,23,24,25 developed several bioheat model iterations 

over a number of years as an alternative to the PBE, citing its lack of directionality 

in the isotropic perfusion term and the neglect of the influencer of larger blood 

vessels embedded in the perfused tissue on tissue-blood heat transfer. They criticized 

the PBE for not accounting for the branching, tapered diameters of the paired 

counter-current artery-veins as they gradually became arterioles, venules, and 

capillary beds.  

 

In 1979 Weinbaum and Jiji20  presented a two-phase formulation consisting of a 

blood phase and a tissue phase. The schematic view of the circulation they used to 

analyse bioheat transfer consisted of an artery-vein pair running 1-3 cm beneath the 

skin surface and parallel to the skin surface. Terminal arteries periodically branched 

out of the supply artery normal to skin in the radial direction, undergoing up to 10 

generations of branching and tapering that caused continuous reduction of their 

diameters in the process. Capillary beds were mostly located in a superficial shunt 

layer 1-3mm beneath the surface of the skin. From there, blood flowed into venules 

that drained into a superficial vein running just beneath the skin surface and parallel 

to it. This arrangement constituted a counter-current blood flow scheme. The blood 

phase was thus a mathematical model that accounted for variations in vessel number 

density of approximately six orders of magnitude, blood velocity and vessel 

diameter variations of two orders of magnitude, and vessel Reynaud numbers that 

decreased by four orders of magnitude at the inflow to the end of the vascular tree at 
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the skin surface. The energy balance equations for arterial and venous temperature, 

as a function of the radial distance from the vessel axis were expressed, respectively, 

as: 

𝜌𝜌𝑐𝑐b𝑢𝑢a(𝑥𝑥, 𝑟𝑟)
𝜕𝜕𝑇𝑇a(𝑥𝑥, 𝑟𝑟)

𝜕𝜕𝜕𝜕
=
𝑘𝑘b
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑟𝑟
𝜕𝜕𝑇𝑇a(𝑥𝑥, 𝑟𝑟)

𝜕𝜕𝜕𝜕
� − 𝜇𝜇 �

𝜕𝜕𝑢𝑢a
𝜕𝜕𝜕𝜕

�
2

                  (4.5) 

 

𝜌𝜌𝑐𝑐b𝑢𝑢v(𝑥𝑥, 𝑟𝑟)
𝜕𝜕𝑇𝑇v(𝑥𝑥, 𝑟𝑟)

𝜕𝜕𝜕𝜕
=
𝑘𝑘b
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑟𝑟
𝜕𝜕𝑇𝑇v(𝑥𝑥, 𝑟𝑟)

𝜕𝜕𝜕𝜕
� − 𝜇𝜇 �

𝜕𝜕𝑢𝑢v
𝜕𝜕𝜕𝜕

�
2

                  (4.6) 

 

where 𝑢𝑢a was arterial blood flow velocity, 𝑢𝑢v was venous blood flow velocity, 𝑇𝑇a 

was bulk arterial blood temperature, 𝑇𝑇v was bulk venous blood temperature, 𝑥𝑥 was 

the axial coordinate, 𝑟𝑟 was the radial coordinate, 𝜇𝜇 was blood viscosity, 𝑘𝑘b was 

blood thermal conductivity, 𝑐𝑐b was blood specific heat capacity, and 𝜌𝜌 was blood 

density. The second term on the right-hand side thus represented heat transfer 

associated with viscous dissipation in blood vessels. The algebraic sign of 𝑢𝑢a was 

positive while that of 𝑢𝑢v was negative to indicate the counter-current nature of heat 

transfer in the artery-vein pair. 

 

The tissue phase involved heat transfer in the tissue medium surrounding the artery-

vein pair. Weinbaum and Jiji proposed  that collateral blood flow in the plane 

normal to the artery-vein pair was unidirectional from artery to vein in the radial 

direction. They modelled this effect of blood flow as one-dimensional heat transfer 

through a porous medium. The counter-current nature of blood flow through the 

porous medium caused the artery-vein pair to have two regions-of-influence, one 
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around each vessel, whose temperatures differed. The respective energy balance 

equations of these regions thus were expressed as: 

 

𝑐𝑐b
𝑔𝑔𝑔𝑔a
𝑟𝑟
𝜕𝜕𝜃𝜃a
𝜕𝜕𝜕𝜕

= 𝑘𝑘t �
𝜕𝜕2𝜃𝜃a
𝜕𝜕𝜕𝜕2

+
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑟𝑟
𝜕𝜕𝜕𝜕a
𝜕𝜕𝜕𝜕

�� + 𝑄𝑄𝑚𝑚                                   (4.7) 

 

−𝑐𝑐b
𝑔𝑔𝑔𝑔v
𝑟𝑟
𝜕𝜕𝜕𝜕v
𝜕𝜕𝜕𝜕

= 𝑘𝑘t �
𝜕𝜕2𝜃𝜃v
𝜕𝜕𝜕𝜕2

+
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝑟𝑟
𝜕𝜕𝜕𝜕v
𝜕𝜕𝜕𝜕

�� + 𝑄𝑄𝑚𝑚                                   (4.8) 

 

where 𝑐𝑐b was blood specific heat capacity, 𝑔𝑔 was the volumetric bleed-off rate per 

unit vessel surface area leaving arterial flow or entering venous flow, 𝑎𝑎 was vessel 

radius, 𝜃𝜃a was arterial tissue temperature, 𝜃𝜃v was venous tissue temperature, 𝑘𝑘t was 

tissue thermal conductivity, 𝑥𝑥 was the axial coordinate, 𝑟𝑟 was the radial coordinate 

and 𝑄𝑄𝑚𝑚 was the tissue metabolic rate of heat production per unit volume. The 

perfusion velocity was thus inversely proportional to the 𝑟𝑟-position in order to 

conserve mass in the collateral circulation. The minus sign on the left-hand side of 

eqn. (4.8) accounted for blood flow in terminal veins in the negative 𝑥𝑥-direction. 

 

In addition to the two phases described above, the two-phase model by Weinbaum 

and Jiji also involved heat transfer in the cutaneous circulation in which the tissue 

temperature of the thin skin layer was determined by considering the vascular 

architecture in that region. Weinbaum and Jiji had experimentally observed that 

blood in the skin passed directly from arterioles to venules as part of the cutaneous 
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thermoregulatory system. They modelled the effect of blood flow in the skin tissue 

layer as one-dimensional heat transfer through a porous medium, mathematically 

expressed as: 

𝑤𝑤b(𝑥𝑥)𝑐𝑐b
𝑑𝑑𝑑𝑑s
𝑑𝑑𝑑𝑑

= 𝑘𝑘t
𝑑𝑑2𝜃𝜃s
𝑑𝑑𝑑𝑑2

                                                     (4.9) 

 

where 𝑤𝑤𝑏𝑏 was blood perfusion flux in the tissue layer beneath the skin, defined in 

the region 𝐿𝐿 ≤ 𝑥𝑥 ≤ (𝐿𝐿 + 𝜀𝜀) where 𝑥𝑥 was the axial coordinate and 𝑥𝑥 = (𝐿𝐿 + 𝜀𝜀) was 

at the skin surface and 𝜃𝜃s was skin temperature. 

 

In a follow-up study in 1984, Weinbaum et al17,21 identified three different vascular 

structures corresponding to three different tissue-depth layers that were 1) a >4mm 

thick deep-tissue layer, 2) a 2-4mm thick intermediate layer and 3) a 0-2mm thick 

cutaneous layer. In the deep-tissue layer there were paired counter-current arteries 

and veins that were oriented oblique to skin surface. Their number density, radii, 

inclination angle, centre-to-centre spacing, and radius-of-influence all varied along 

the length of the counter-current network. Vessels branched as they approached the 

intermediate layer, remaining counter-current in the first five to six generations of 

branching. Heat exchange occurred between the artery-vein pair into the surrounding 

tissues of the deep layer both by conduction and capillary bleed-off. The governing 

equations of the deep-tissue layer, presented by Jiji et al17, were derived by 

considering blood vessel geometry and capillary bleed-off on a continuous basis. 

The two nondimensionalized governing equations based on the total length of the 
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counter-current network in the deep layer and on the flow Peclet number in the 

blood vessel at each location were:  

𝑎𝑎�Pe∗
𝑑𝑑
𝑑𝑑𝑠̃𝑠

�𝑇𝑇�a − 𝑇𝑇�v� = 4𝑣𝑣�𝑇𝑇�a − 𝑇𝑇�v� +
𝑑𝑑
𝑑𝑑𝑠̃𝑠

�𝑎𝑎�2𝑅𝑅�2
𝑑𝑑
𝑑𝑑𝑠̃𝑠

�𝑇𝑇�a + 𝑇𝑇�v��                   (4.10) 

 

𝑎𝑎�Pe∗
𝑑𝑑
𝑑𝑑𝑠̃𝑠

�𝑇𝑇�a + 𝑇𝑇�v� =  
−8�𝑇𝑇�a − 𝑇𝑇�v�

cosh−1(𝑙𝑙s2 2 − 1⁄ )
                            (4.11) 

where the dimensionless distances 𝑎𝑎�, 𝑠̃𝑠, 𝑙𝑙s and 𝑅𝑅� were the parameters 𝑎𝑎, 𝑠𝑠, 𝑙𝑙s and 𝑅𝑅 

normalised by the total length of the counter-current network in the deep layer, 

respectively. 𝑙𝑙s was the distance between centres of artery-vein pair, 𝑠𝑠 was the 

distance coordinate along the artery-vein pair axis, 𝑎𝑎 was vessel radius, 𝑅𝑅 was the 

radius of cylinder-of-influence in the tissue around a vessel, 𝑇𝑇a was the artery bulk 

temperature,  𝑇𝑇v was the vein bulk temperature, and Pe∗ was the modified Peclet 

number. The dimensionless perfusion parameter 𝑣𝑣 was equal to 𝜌𝜌b𝑐𝑐b 𝑎𝑎𝑎𝑎 𝑘𝑘t⁄ , where 

𝜌𝜌b was blood density, 𝑐𝑐b was blood specific heat capacity, 𝑔𝑔 was the volumetric 

bleed-off rate per unit vessel surface area leaving arterial flow or entering venous 

flow and 𝑘𝑘t was deep-tissue thermal conductivity. 

 

In the intermediate layer, the paired arterial and venous blood temperatures differed 

slightly (<0.2°C) due to a relatively larger spacing in the order of 0.5-1mm. The 

blood vessels themselves were small enough to allow nearly complete thermal 

equilibration between blood and the surrounding tissue near the blood vessel wall. 

Heat transfer occurred in the plane containing the transverse bleed-off vessels in the 
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intermediate layer. The porous medium model presented by Weinbaum and Jiji17,21 

in 1979 was applied to describe heat transfer in this region. Eqns. (4.7) and (4.8) 

were thus nondimensionalised using 𝑥𝑥� = 𝑥𝑥 𝑥𝑥0⁄  , where 𝑥𝑥0 was the thickness of the 

intermediate tissue layer, 𝑟̃𝑟 = 2𝑟𝑟 𝑙𝑙0⁄  where 𝑙𝑙0 was the spacing between neighbouring 

transverse vessels, and 𝜃𝜃a and 𝜃𝜃v were the dimensionless temperatures of the tissues 

surrounding an artery and a vein, respectively, in an artery-vein pair: 

 

𝛽𝛽2
𝜕𝜕2𝜃𝜃�a
𝜕𝜕𝑥𝑥�2

+
𝜕𝜕2𝜃𝜃�a
𝜕𝜕𝑟̃𝑟2

+ (1 − 𝑣𝑣)
1
𝑟𝑟
𝜕𝜕𝜃𝜃�a
𝜕𝜕𝜕𝜕

= −𝜆𝜆                               (4.12) 

 

𝛽𝛽2
𝜕𝜕2𝜃𝜃�v
𝜕𝜕𝑥𝑥�2

+
𝜕𝜕2𝜃𝜃�v
𝜕𝜕𝑟̃𝑟2

+ (1 + 𝑣𝑣)
1
𝑟𝑟
𝜕𝜕𝜃𝜃�v
𝜕𝜕𝜕𝜕

= −𝜆𝜆                               (4.13) 

 

where 𝛽𝛽 was the ratio 𝑙𝑙0 2𝑥𝑥0⁄  and 𝜆𝜆 was the dimensionless metabolic heat source 

𝑄𝑄𝑚𝑚𝑙𝑙02/(4𝑘𝑘t(𝑇𝑇0 − 𝑇𝑇s)). Eqns. (4.12) and (4.13) were then subject to several boundary 

conditions. An additional boundary region was described between the deep-tissue 

layer and the intermediate layer as a plane where small temperature gradients normal 

to the counter-current vessel axes coexisted with large temperature gradients normal 

to the skin surface.  

 

The cutaneous layer was dominated by thermal conduction normal to the skin 

surface. Weinbaum et al17,21 reported that arterial blood supply to the skin was 

physically separate from the arterial supply to muscle tissue, contrary to their earlier 

model20 that had presumed that arterial blood was supplied to the skin via the last 
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generation of branching in the muscle layer and that venous blood was drained either 

through the venous network in the muscle layer or through the venous network in the 

muscle. They observed that only a small fraction of arterial blood was directed 

directly towards the cutaneous layer cells for nutrition and oxygenation. Most of the 

blood in thermally significant blood vessels flowed directly from artery to vein 

through 20-40µm anastomoses in the cutaneous plexus. The effect of blood flow in 

this plexus was thus modelled as a distributed volumetric heat source. Weinbaum et 

al noted that arterial supply vessels were large with long thermal equilibration 

lengths, which meant that the temperature of arriving arterial blood supply would be 

higher than that of the surrounding tissue. They proposed  that such an effect could 

be mathematically modelled as a uniformly distributed heat source, similar to the 

heat source term of the PBE. The dimensionless energy balance equation in the inner 

region of the cutaneous layer was expressed as: 

𝑑𝑑2𝜙𝜙�1
𝑑𝑑𝑦𝑦�2

+ 𝑊𝑊b
2�𝜙𝜙�b − 𝜙𝜙�1� = 0,          0 < 𝑦𝑦� < 𝑦𝑦�1                               (4.14) 

where 𝑊𝑊b
2 was the dimensionless cutaneous perfusion parameter 2𝜋𝜋𝜌𝜌b𝑐𝑐b𝑎𝑎c𝑛𝑛cgc𝑦𝑦02/

𝐾𝐾�1 in which 𝑎𝑎c, 𝑛𝑛c and  gc were the radius, number density and perfusion bleed-off 

rate associated with small bleed-off vessels in this region;𝜌𝜌b was blood density, 𝑐𝑐b 

was blood specific heat capacity, 𝑦𝑦0 was the thickness cutaneous layer and 𝐾𝐾�1 was 

the average thermal conductivity of cutaneous layer. In eqn. (4.14), 𝜙𝜙�1 was the 

dimensionless temperature distribution in the inner region of the cutaneous layer, 𝜙𝜙�b 

was the dimensionless average arterio-venous blood temperature in the cutaneous 
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plexus, 𝑦𝑦� was the dimensionless cutaneous layer axial coordinate equal to 𝑦𝑦 𝑦𝑦0⁄ , and 

𝑦𝑦�1 was the dimensionless thickness of the cutaneous plexus region.  

Weinbaum et al regarded the outer region of the cutaneous layer as a simple one-

dimensional conduction layer so that: 

𝑑𝑑2𝜙𝜙�2
𝑑𝑑𝑦𝑦�2

= 0,                             𝑦𝑦�1 < 𝑦𝑦� < 1                   (4.15) 

Eqns. (4.14) and (4.15) assumed that no metabolic heat originated from the 

cutaneous layer and were both subject to several boundary conditions. 

 

In 1985 Weinbaum and Jiji22 proposed  a simplified version of the three-layer 

bioheat model that included imperfect counter-current heat exchange between 

artery-vein and blood-tissue in a single equation. The simplified version was derived 

from the three heat transfer equations for artery, vein, and tissue of the original 

three-layer model, but in addition contained tissue temperature and its spatial 

derivatives and an effective thermal conductivity that accounted for the imperfect 

heat exchange. The effective thermal conductivity was purely a function of vascular 

geometry and blood flow rate. Weinbaum and Jiji argued that the counter-current 

effect acted like a heat source or heat sink in the tissue. The simplified version 

included the effect of unidirectional capillary bleed-off normal to the axes of the 

paired counter-current vessels. The advantage of the simplified version was its 

relative ease of implementation in comparison to the three-layer bioheat model. 
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4.1.7 The Porous Medium Models  

All the continuum models discussed in the previous section had some criticism of 

the PBE and attempt to improve its deficiencies. Each model was applicable to a 

certain type of living tissue, and whole-body generalisations proved difficult. As an 

alternative, several researchers26,27,28,29,30,31,32 turned to the porous medium 

modelling approach that applied volume averaging theory in which biological tissue 

was divided into three compartments, namely blood vessels, cells and the 

interstitium. The latter was further divided into the extracellular matrix and 

interstitial fluid. For simplicity, however, only the vascular and extra-vascular 

regions were considered, in which the latter was regarded as solid matrix even 

though it consisted of extravascular fluid. The extra-vascular region was 

conveniently referred to simply as ‘tissue’. The two regions were treated as a porous 

medium having specific porosity variations, effective heat conductivities and heat 

dispersion by blood flow. Porous medium bioheat models assume thermal energy 

transfer between blood flow and tissue to be in thermal non-equilibrium as described 

by Amiri and Vafai33,34, Alazmi and Vafai35, Lee and Vafai36, Vafai and Sözen37,38, 

and Sözen and Vafai 39,40. The combined energy equations that represented heat 

transfer in the blood and solid matrix phases was expressed as: 

 

[(𝜌𝜌𝜌𝜌)b𝜀𝜀 + (1 − 𝜀𝜀)(𝜌𝜌𝜌𝜌)𝑠𝑠]
𝜕𝜕〈𝑇𝑇〉
𝜕𝜕𝜕𝜕

+ 𝜀𝜀(𝜌𝜌𝜌𝜌)𝑏𝑏〈𝑉𝑉�⃗ 〉𝑏𝑏 ∙ ∇〈𝑇𝑇〉

= ∇[(𝐤𝐤𝑠𝑠𝑎𝑎 + 𝐤𝐤𝑏𝑏𝑎𝑎) ∙ ∇〈𝑇𝑇〉] + 𝑞𝑞𝑚𝑚(1 − 𝜀𝜀)                                           (4.16)  

 



84 
 

where 𝑞𝑞𝑚𝑚 was the metabolic heat generation rate in the tissue layer per unit volume, 

𝜌𝜌b and 𝑐𝑐b were blood density and blood specific heat, respectively; and 〈𝑇𝑇〉𝑏𝑏, 〈𝑇𝑇〉𝑠𝑠, 

𝐤𝐤𝑏𝑏𝑎𝑎, 𝐤𝐤𝑠𝑠𝑎𝑎, 〈𝑉𝑉�⃗ 〉𝑏𝑏, ℎ𝑏𝑏𝑏𝑏, and 𝜀𝜀 were the local volume-averaged arterial blood temperature, 

local volume-averaged solid-tissue temperature, blood effective thermal conductivity 

tensor, solid-tissue effective thermal conductivity tensor, blood velocity vector, 

interstitial convective heat transfer coefficient and porosity, respectively.  
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4.2 Modern BioHeat Modelling Methods 

One of the criticisms levelled against bioheat models of Pennes11, Wulff12, 

Klinger13,14, Chen-Holmes15 and Nakayama27,28,29 (porous medium method) was that 

they were based on Fourier Law, which led to parabolic equations that had an 

unphysically infinite speed of heat flux. In the physical world, temperature 

disturbances were said to be due to motion of particle-carriers such as electrons, and 

quanta such as photons, so that thermal disturbances propagate with a finite speed. 

In biological tissue, relaxation times were said to be in the order of 10-30s41,42,43,44. 

In some studies, muscle tissue revealed anisotropy under strong local heating 

conditions that could not be explained by Fourier Law alone45,46,47. These 

observations led to the formulation of so-called ‘thermal-wave bioheat models’48,49 

that were based on thermal-wave propagation theory. Thermal-wave bioheat 

modelling consisted of single-phase lag (SPL) and double-phase lag (DPL) 

approaches, both of which led to hyperbolic equations that had finite speeds of the 

solution. Thermal-wave bioheat models were alternatively referred to as ‘heat flux 

relaxation (damping)’ bioheat models.  
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4.2.1 The Single-phase Lag (SPL) Approach 

The SPL approach, also referred to as the Maxwell-Cattaneo approach50,51 applied a 

heat flux relaxation time called a ‘phase-lag parameter’. After formal temporal 

translation and Taylor expansion, a hyperbolic heat equation was expressed as: 

𝜆𝜆𝑞𝑞𝑞𝑞
𝜕𝜕2𝑇𝑇
𝜕𝜕𝜕𝜕2

+ 𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑘𝑘
𝜕𝜕2𝑇𝑇
𝜕𝜕𝜕𝜕2

                                             (4.17) 

whose solution was a weakly-damped wave equation. The SPL approach could be 

further expressed either with or without blood perfusion relaxation.  
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4.2.2 The Double-phase Lag Approach 

The DPL approach was proposed  by Tzou52 as an extension of the Maxwell-

Cattaneo approach that didn’t work correctly when applied to a medium with 

microstructural interaction effects.  

𝑞𝑞 + 𝜆𝜆𝑞𝑞
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

− 𝑘𝑘𝜆𝜆𝑇𝑇
𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�                                     (4.18) 

where 𝜆𝜆𝑞𝑞 and 𝜆𝜆𝑇𝑇 were relaxation times. 
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4.2.3 The Ezzat Fractional Bioheat Model 

Fractional bioheat models using time-fractional derivatives constitute a modern 

trend in modelling heat transport processes with relaxations. Fractionalization of the 

classical integer-order bioheat models by application of fractional Taylor series 

expansion was a feasible technique that resulted in simple time-fractional equations. 

Ezzat et al53,54 applied fractional Taylor series expansion of the  order with modified 

Reichmann-Liouville derivatives of Jumarrie55 to Fourier Law to express the flux-

temperature gradient. After a series of mathematical steps, the final Ezzat equation 

was expressed as: 

 

𝜌𝜌𝜌𝜌 �𝑇𝑇 +
𝜏𝜏𝛼𝛼

𝛼𝛼!
𝜕𝜕𝛼𝛼𝑇𝑇
𝜕𝜕𝜕𝜕𝛼𝛼

� = 𝑘𝑘∇2𝑇𝑇 + �𝑄𝑄 +
𝜏𝜏𝛼𝛼

𝛼𝛼!
𝜕𝜕𝛼𝛼𝑄𝑄
𝜕𝜕𝜕𝜕𝛼𝛼

� ,   0 < 𝛼𝛼 < 1                  (4.19) 

 

Eqn. (4.19) was the result of formal fractionalization of the PBE11 by first-order 

fractional Taylor series expansion of the heat flux and by acceptance of the concept 

by Wulff12 about the perfusion term in which the reference temperature was the 

arterial temperature.  
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4.2.4 The Damor Fractional Bioheat Model 

The model by Damor et al56 was a fractional version of the PBE by simple 

replacement of the time derivative with a fractional counterpart as a Caputo 

derivative of the order 𝛼𝛼  𝜖𝜖 (0,1), with singular power-law kernel and the spatial 

derivative by a Reisz-Feller fractional derivative of the order 𝛽𝛽 𝜖𝜖  (0,2), as: 

 

𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡
𝜕𝜕𝛼𝛼𝑇𝑇𝑡𝑡(𝑥𝑥, 𝑡𝑡)

𝜕𝜕𝜕𝜕𝛼𝛼
= 𝑘𝑘𝛼𝛼,𝛽𝛽

𝜕𝜕𝛽𝛽𝑇𝑇𝑡𝑡(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝜕𝜕𝛽𝛽

+ 𝑊𝑊b𝐶𝐶b(𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑡𝑡) + 𝑞𝑞𝑚𝑚,

0 < 𝛼𝛼 < 1,     0 < 𝑥𝑥 < 𝐿𝐿                                                                   (4.20) 

 

where 𝑊𝑊b and 𝐶𝐶b were related to blood and 𝑇𝑇𝑡𝑡 was tissue temperature. The approach 

by Damor et al of formal replacement of integer-order derivatives by fractional 

counterparts was criticised as being incorrect because it was simply not based on 

basic laws.  
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4.2.5 The Ferras Fractional Bioheat Model 

Ferras et al57 applied a timer-fraction Caputo derivative to the Pennes bioheat 

equation in the form: 

 

𝜕𝜕𝛼𝛼𝑇𝑇(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝜕𝜕𝛼𝛼

= 𝐴𝐴
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝑘𝑘(𝑥𝑥)
𝜕𝜕𝜕𝜕(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝜕𝜕

� − 𝐵𝐵𝐵𝐵(𝑥𝑥, 𝑡𝑡) + 𝐶𝐶,    0 < 𝑡𝑡 < 𝑇𝑇,    0 < 𝑥𝑥 < 𝐿𝐿,

0 < 𝛼𝛼 < 1                                                                                               (4.21) 

 

where 𝐴𝐴 = 1
𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡

1
𝜏𝜏𝛼𝛼−1

,  𝐵𝐵 = 𝑊𝑊𝑏𝑏𝐶𝐶𝑏𝑏
𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡

1
𝜏𝜏𝛼𝛼−1

, 𝐶𝐶 = 𝑊𝑊𝑏𝑏𝐶𝐶𝑏𝑏+𝑞𝑞𝑚𝑚
𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡

1
𝜏𝜏𝛼𝛼−1

. A new parameter 𝜏𝜏 was 

added to ensure dimensional consistency, which was the same approach used by 

Ezzat54 who applied multiplication by 𝜏𝜏𝛼𝛼 𝛼𝛼!⁄ . The introduction of the 𝜏𝜏 parameter 

was criticised as being unphysical58. Also, the assertion by Ferras that ‘a new 

relationship between heat flux and temperature gradient was established’ was said to 

be untrue because Ferras had applied the fading-memory approach of Gurtin and 

Pipkon59 incompletely. Ferras was criticised for using only the pseudo-elastic part of 

the heat flux and expressing it as a Reimann-Lioville derivative, which naturally 

produced a well-known time-fractional diffusion equation.  
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4.2.6 Justification for using the PBE in this thesis 

As stated before, the method by integer-order bioheat models of applying Fourier 

Law through the energy balance equation resulted in a parabolic heat conduction 

equation that had an unphysically infinite speed of heat flux. This led to the 

development of different approaches of heat flux relaxation, i.e. fractionalization 

approaches and the fading-memory approach, applicable to the classical bioheat 

equations, e.g. by Pennes and Wulff.  

 

In this thesis, the PBE is applied in numerical analyses to approximate antemortem 

body temperature distribution (chapter 6) in which the speed of heat flux is of no 

consequence. Subsequent studies of this thesis that investigate postmortem axial heat 

transfer (chapter 7) do not require bioheat modelling but apply approximated 

antemortem body temperature distribution in initial conditions. The anatomical 

segmentation of the 3D computational phantom used as a human body surrogate in 

this thesis was at organ level, so that bioheat models that operate at tissue level, e.g. 

the Weinbaum-Jiji-Lemons models, were deemed unnecessary. The diverse nature 

of organ geometry of the 3D computational phantom used as a human body 

surrogate in this thesis presented an added complication.  

 

A range of bioheat models60,61 alternative to the PBE have been proposed  to 

increase realism or extend the application range. However, many require a large 

number of additional parameters that are rarely available or highly variable2. Such 
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bioheat models were not appropriate for this study. Therefore, the PBE was the best 

model. 
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Chapter 5 

Research materials and methods 

 
Research materials and methods used in this thesis were guided chiefly by the aims 

and objectives stated in chapter 3, balanced with availability of materials, time 

constraints, financial constraints, logistical constraints, and access to supplementary 

expertise/services, to mention a few. The preferred research method for this thesis 

was numerical analysis of heat-transfer, and materials and methods chosen had to be 

consistent with this method. 
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5.1 Research Materials 

5.1.1. 3D Computational Phantoms 

As stated in chapter 3, one of the objectives of this thesis was to use as a human 

surrogate a 3D computational phantom that expressly consisted of multiple 

anatomically-segmented organs. Human 3D phantoms suitable for numerical 

analysis are obtainable from a number of sources and are applied predominantly as 

finite elements models for a wide variety of applications. Such phantoms are often 

applied either as the full human body or as regions or organ systems depending on 

the aims and objectives of the study concerned. 3D computational phantoms that met 

requirements of this thesis were four high-resolution 3D phantoms of an adult male, 

an adult female, a prepubescent female child, and a male child, collectively known 

as the version 3.0 Virtual Family1, see Fig. 5.1. The phantoms were sourced from 

IT’IS Foundation, Switzerland (https://itis.swiss/virtual-population/virtual-

population/vip3/) and were built from magnetic resonance images (MRIs) of healthy, 

living volunteers. These phantoms were part of a larger group of phantoms called 

The Virtual Population (ViP). Table 5.1 indicates the name, age, height, weight, sex, 

and body mass index (BMI) for each phantom. Organs were segmented to a high 

resolution by separation of their constitutional sub-parts, resulting in >200 

anatomically named organs domains.  

 

 

https://itis.swiss/virtual-population/virtual-population/vip3/)
https://itis.swiss/virtual-population/virtual-population/vip3/)
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5.1.2 Verification and Validation of 3D Computational Phantoms 

Credibility assessment of simulations include verification and validation, among 

other aspects such as applicability analysis and quality assurance2. Verification 

enquires whether the 3D computational phantom was applied correctly or as 

intended, while validation enquires whether the correct 3D computational phantom 

was applied2. According to the ASME V&V403, the objective of verification is to 

ensure that a 3D computational phantom is implemented correctly and then 

accurately solved. The objective of validation is to assess the accuracy of the 

prediction as compared to real world experimental data. Definitive verification and 

validation of 3D computational phantoms occurs along a simulation and in the 

context of an application, mainly as part of the assessment of model form and model 

inputs, e.g. anatomical geometries, tissue properties, and solution verification such 

as discretization errors2. Verification of the Virtual Family phantoms used in this 

thesis, as released in the quality assurance report4, provides an assessment of the 

MRI image segmentation quality and processes by anatomical experts. Assessment 

of the fidelity of extracted surfaces and simplified surfaces of the 3D computational 

phantoms is described by Gosselin et al1. 

Ideally, validation of the 3D computational phantoms requires human 

experimentation as well as, in the case of this thesis, both living and deceased 

persons. The best-case validation scenario for this thesis was to use the same human 

subjects whose MRI scans were used to build the 3D computational phantoms. 

However, that was not possible due to a number of practical and obvious reasons. 
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The next best-case validation scenario was to use human subjects whose age, race 

and anthropometric features were comparable to human subjects of the 3D 

computational phantoms. Unfortunately, this too was not possible due to various 

logistical or legal reasons. The third best-case validation scenario was to compare 

simulation predictions with measurements obtained from an experimental setup that 

represents the use-case scenario. The third scenario would be a compromise between 

being as close as possible to the real application and context-of-use (to reduce the 

necessary leap-of-faith and safety margin) and offering optimal experimental 

control, validation sensitivity, and data richness, at an affordable effort/cost2. For the 

third scenario, this thesis used a cooling dummy as a physical human thermal 

phantom representing a decedent, discussed in detail in chapter 8. For the 

antemortem study, simulation results are compared to comparable empiric data from 

the literature (chapter 6). 

The chosen 3D computational phantoms were verified by numerous experimental 

studies: Liorni et al5 proposed  a novel method and procedure for evaluating 

compliance of sources with strong gradient magnetic fields, such as wireless power 

transfer systems, which mitigates overestimation of human exposure while 

maintaining simplicity of the testing procedure using the ViP phantoms Duke, Billie, 

Nina and Fats. Nadakuduti et al6 described a compliance testing methodology for 

wireless power transfer systems using the four Virtual Family phantoms. Kyriakou 

et al7 applied Duke’s head to model full-wave acoustic and thermal transcranial 

ultrasound propagation. Murbach et al8 modelled radio frequency exposure on 

pregnant female 3D computational phantoms.   
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Fig. 5.1 The Virtual Family V3.0 phantoms (left to right): Duke, Ella, Billie, and Thelonious 

 

 

 

Table 5.1 The name, weight, height, age, and BMI of each Virtual Family computational phantom. 

Phantom Weight Height Age Sex BMI 

Duke 70.2kg 1.77m 34 years M 22.4 kgm−2 
Ella 57.3kg 1.63m 26 years F 21.6 kgm−2 
Billie 34.0kg 1.49m 11 years F 15.3 kgm−2 
Thelonious 18.6kg 1.16m 6 years M 13.8 kgm−2 
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5.1.2 Thermal analysis software 

A thermodynamic solver is computer software that solves heat transfer problems 

involving specified geometries based on physical laws that govern heat transfer by 

thermal conduction, thermal convection, and thermal radiation. Such geometries 

may be a novel prototype or an untested design that is either too expensive to build 

in the physical world or too complex for detailed laboratory analysis. Many thermal 

solvers are commercially available for licensed application. The thermodynamic 

solver used in this thesis was P-Thermal® and was an integral part of a larger bio-

physics simulation platform called Sim4Life®9 from Zurich MedTech, Switzerland 

(https://zmt.swiss/sim4life/). The P-Thermal® solver was based on Poisson 

differential equation and enabled modelling of heat transfer in living tissue with a set 

of flexible boundary conditions.  

 

5.1.3 Validation and Verification of the Thermodynamic Solver 

Validation of the P-Thermal® solver is contained in a validation benchmark report10 

in which theoretical solutions and corresponding simulation results of four scenarios 

are reported. The P-Thermal® solver was verified in experimental studies by 

comparison with analytically solvable cases, experimental measurements under 

controlled conditions and in vivo measurements. For example, Murbach et al11 

demonstrated the application of the P-Thermal® solver in modelling magnetic 

resonance imaging (MRI) radiofrequency (RF)-exposure induced tissue heating for 

safety assessment, considering local thermoregulation by vasodilation. They 

provided comparison against in vivo measurements and provided detailed 

https://zmt.swiss/sim4life/
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uncertainty assessment considerations. In another verification study, Nuefeld et al12 

applied the P-Thermal® solver to the investigation of RF-exposure related to heating 

in the presence of implants, with a particular focus on wires and leads. In that study, 

a thin structure model, previously verified by Nuefeld13, was used to facilitate the 

modelling of setups featuring thin, highly thermo-conductive wires. This verification 

study also provided detailed uncertainty assessment considerations. The staircasing-

effect correction approach used in the P-Thermal® solver and its implantation was 

verified by Nuefeld et al14.  

 

Other studies that verified the P-Thermal® solver include design and optimization of 

ultrasonic therapy7, assessment of medical device safety in MRI15, RF-hyperthermia 

liver tumour treatment simulation16, prediction of tumour temperature in regional 

hyperthermia by using LED luminance17, temperature impact on neuronal 

dynamics18, etc. The transient thermal solver of the P-Thermal® solver used in this 

thesis assumed that a transient state existed in the 3D computational phantom, which 

required all tissue domains to have non-zero thermal conductivity or non-zero heat 

transfer rates. Several versions of Sim4Life® were used over the course of this 

study. 
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5.1.4 Computer hardware 

Simulations were carried out in a 2015-model Apple Mac Pro computer that had a 

12-core 3.5GHz processor, a 128GB RAM and ran 64-bit Windows 8.1-10. 

Simulation data were stored in a 10TB external hard drive. 
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5.2 Research Methods  

The numerical approach applied in this thesis was the finite difference time domain 

(FDTD) method, whose detailed explanation is beyond the scope of this thesis. 

5.2.1 Bioheat modelling to approximate body temperature at death 

In this thesis, bioheat modelling was applied in a transient/unsteady-state thermal 

analysis to model antemortem temperature distribution in the four 3D computational 

phantoms after thermal equilibration with the external environment. Transient or 

unsteady-state analysis is a numeric approach used to determine either the interval of 

heat transfer required for temperature equilibration between objects of different 

temperatures, or to predict the temperature-field of an object after thermal 

equilibration with another object of different temperature, or to predict the 

temperature-field of an object after a specified interval of heat-transfer with another 

object of a different temperature. The bioheat model selected for this thesis was that 

described by Pennes19, as already discussed in chapter 4. The PBE was to be applied 

to each organ-domain in a 3D computational phantom. Heat generated by each 

organ-domain via the metabolic heat generation rate would spread to adjacent organs 

by thermal diffusion as well as blood perfusion. The combination of endogenous 

metabolic heat production, heat transfer by blood flow, heat conduction between 

different solid organs, and heat transfer from skin to the surrounding air by thermal 

convection, radiation and/or conduction would thus determine the final overall 

temperature filed of the 3D computational phantoms. The Pennes bioheat model 

required thermophysical and biothermal parameters in the governing equation for 
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each organ-domain. Thermophysical parameters were density, specific heat, and 

thermal conductivity. Biothermal parameters were metabolic heat generation rates 

and blood perfusion rates. These parameters are obtainable from several sources, and 

for this thesis were obtained from IT’IS Foundation, Switzerland20 (Appendix 1). 

The parameters included non-tissue constituents such as urine, respiratory tract air, 

bile, and gastrointestinal contests, all of which coexist with the body under normal 

circumstances during antemortem and postmortem heat transfer. Mean values were 

applied in this study.  

On the skin, boundary conditions that specified the thermal conditions were applied, 

namely the Dirichlet (far field air has a fixed temperature), Neumann (heat transfer 

from body to air is purely due a heat transfer coefficient), and Mixed (Dirichlet plus 

Neumann) boundary conditions. In a Mixed boundary conditions the convective heat 

flux is the product of the heat transfer coefficient and local temperature difference 

between skin and air temperatures. Mixed boundary condition work well for 

modelling effects of stagnant convection, i.e. in the absence of wind and natural 

convection. In a Mixed boundary condition, the convective heat flux is the product 

of the heat transfer coefficient (e.g. radiative heat flux) and local temperature 

difference between skin and air temperatures. A mixed boundary condition is 

expressed mathematically as: 

 

𝑘𝑘𝑘𝑘𝑇𝑇𝑠𝑠
𝑑𝑑𝑑𝑑

+ ℎ(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎) = 𝐹𝐹𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑦𝑦                                 (5.1) 

where 𝑇𝑇𝑠𝑠 represents skin temperature, 𝑇𝑇𝑎𝑎 represents ambient temperature and ℎ the 
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heat transfer coefficient. Exchange of the radiative heat is derived from the Stefan 

and Boltzmann equation, in the form: 

𝜎𝜎(𝑇𝑇𝑠𝑠4 − 𝑇𝑇𝑎𝑎4)                                                                        (5.2) 

where 𝜎𝜎 is the Stefan-Boltzmann constant (5.670373 x 10–8 Wm–2 K–4). Eqn. (5.2) 

can be expressed as: 

𝜎𝜎(𝑇𝑇𝑠𝑠4 − 𝑇𝑇𝑎𝑎4) = 𝜎𝜎(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎)(𝑇𝑇𝑠𝑠 + 𝑇𝑇𝑎𝑎)(𝑇𝑇𝑠𝑠2 + 𝑇𝑇𝑎𝑎2)                            (5.3) 

For small temperature differences, eqn. (5.3) can be approximated as:  

 

4𝜎𝜎(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎)𝑇𝑇𝑎𝑎3                                                                         (5.4) 

 

and prescribed as part of the mixed boundary condition as: 

 

ℎ = 4𝜎𝜎𝑇𝑇𝑎𝑎3                                                                                       (5.5) 
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5.2.2 Transient analysis to study postmortem axial heat transfer 

In this thesis, the Pennes bioheat model was also applied in transient numerical 

analysis studies to model axial postmortem heat transfer, but in which the metabolic 

heat generation rates and blood perfusion rates (biothermal parameters) were set to 

zero to simulate a state of death, and in which the antemortem axial temperature 

distribution predicted earlier was applied in initial conditions. Assigning zero values 

to the biothermal parameters, the PBE [eqn. (4.2)] reduces to: 

 

𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡
𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝜕𝜕

= ∇ ∙ (𝑘𝑘𝑡𝑡∇𝑇𝑇𝑡𝑡𝑡𝑡),                                                           (5.6) 

where: 

∇= 𝜕𝜕
𝜕𝜕𝜕𝜕
𝑙𝑙𝑙𝑙� +  𝜕𝜕

𝜕𝜕𝜕𝜕
𝑙𝑙𝑙𝑙� + 𝜕𝜕

𝜕𝜕𝜕𝜕
𝑙𝑙𝑙𝑙�                                                        (5.7)  

Eqn. (5.7) is written in ‘strong’ form as it holds in a point. To apply it in numerical 

analysis we however cast it into the ‘weak’ form by integrating over a volume 𝑉𝑉(e.g. 

a cube around a voxel): 

�𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡
𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝜕𝜕

𝑑𝑑𝑑𝑑 = �∇ ∙ (𝑘𝑘𝑡𝑡∇𝑇𝑇𝑡𝑡𝑡𝑡) 𝑑𝑑𝑑𝑑
.

𝑉𝑉
                                         (5.8) 

As 𝑉𝑉 does not change in position or size over time, we can rewrite the left-hand side 

of eqn. (5.8) as: 

�𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡
𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝜕𝜕

𝑑𝑑𝑑𝑑 =
𝜕𝜕
𝜕𝜕𝜕𝜕
� 𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡

𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝜕𝜕

 𝑑𝑑𝑑𝑑
.

𝑉𝑉
                                            (5.9) 

For cell-centred finite-volume (e.g. the FDTD method used in Sim4Life®), all 

properties at cell centres can be further approximated as: 
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𝜕𝜕
𝜕𝜕𝜕𝜕
� 𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡

𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝜕𝜕

 𝑑𝑑𝑑𝑑
.

𝑉𝑉
≈
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡𝑇𝑇𝑡𝑡𝑡𝑡)𝑉𝑉                                           (5.10) 

 

for a specific voxel. Because thermophysical properties remain constant with time, 

then eqn. (5.10) can further be simplified to: 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡𝑇𝑇𝑡𝑡𝑡𝑡)𝑉𝑉 = 𝜌𝜌𝑡𝑡𝐶𝐶𝑡𝑡
𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝜕𝜕

𝑉𝑉                                                    (5.11) 

where 𝜌𝜌𝑡𝑡 and 𝐶𝐶𝑡𝑡 have been removed from the temporal derivative. To deal with the 

spatial term, we looked at the ‘weak’ form by integrating over a volume 𝑉𝑉 (e.g. a 

cube around a voxel) and applying the divergence theorem: 

�∇ ∙ (𝑘𝑘𝑡𝑡∇𝑇𝑇𝑡𝑡𝑡𝑡)𝑑𝑑𝑑𝑑 =
.

𝑉𝑉
�𝑘𝑘𝑡𝑡∇𝑇𝑇𝑡𝑡𝑡𝑡 ∙

.

𝐴𝐴
𝑛𝑛∧ 𝑑𝑑𝑑𝑑….                                   (5.12) 

where: 

𝑛𝑛∧ = 𝑛𝑛𝑥𝑥𝑒̂𝑒𝑥𝑥 + 𝑛𝑛𝑦𝑦𝑒̂𝑒𝑦𝑦 + 𝑛𝑛𝑧𝑧𝑒̂𝑒𝑧𝑧                                                          (5.13)   

is a unit vector normal to the surface 𝐴𝐴 enclosing 𝑉𝑉: 

 

 

 

 

 

 

 

where 𝐴𝐴 is the particular face segment of 𝑉𝑉, of which there are six for a voxel. Eqn. 

(5.12) may be expressed as: 

𝑉𝑉 

𝐴𝐴 

𝑛𝑛∧ 
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�∇ ∙ (𝑘𝑘𝑡𝑡∇𝑇𝑇𝑡𝑡𝑡𝑡)𝑑𝑑𝑑𝑑 =
.

𝑉𝑉
�𝑄𝑄

.

𝐴𝐴
𝑑𝑑𝑑𝑑                                                 (5.14) 

where 𝑄𝑄 is heat flux per square meter (W/m2). There are two types of surface areas: 

1) A surface area between two voxel tubes, in which the heat flux can be 

expressed as:  

𝑄𝑄 = 𝑘𝑘𝑡𝑡∇𝑇𝑇𝑡𝑡𝑡𝑡 ∙ 𝑛𝑛∧ =
𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝑛𝑛∧

                                             (5.15) 

2) A surface area which sits on the skin, in which the heat flux can be expressed 

as: 

𝑄𝑄𝑐𝑐 = ℎ𝑐𝑐(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)                                                    (5.16)  

or as 

𝑄𝑄𝑟𝑟 = 𝜎𝜎(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎4 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠4 ) ≈ ℎ𝑟𝑟(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)                       (5.17)                   

 

where 𝑄𝑄𝑐𝑐 is heat flux by thermal conduction, 𝑄𝑄𝑟𝑟 is heat flux by thermal radiation, ℎ𝑐𝑐 

is the convective heat transfer coefficient, ℎ𝑟𝑟 is the radiative heat transfer 

coefficient, 𝜎𝜎 is the Stefan-Boltzmann constant (5.670373 x 10–8 Wm–2 K–4),  𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 is 

temperature of the air in contact with the skin, and 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is temperature of the skin in 

contact with the air. Integrating eqns. (5.15) and (5.16) for convective heat transfer 

therefore gives: 

𝑄𝑄𝑐𝑐 = 𝑘𝑘𝑡𝑡
𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝑛𝑛∧

= ℎ𝑐𝑐(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)                                    (5.18) 

and integrating eqns. (5.15) and (5.17) for radiative heat transfer gives: 

𝑄𝑄𝑐𝑐 = 𝑘𝑘𝑡𝑡
𝜕𝜕𝑇𝑇𝑡𝑡𝑡𝑡
𝜕𝜕𝑛𝑛∧

= ℎ𝑟𝑟(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)                                            (5.19) 
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When both convective and radiative heat transfer are present on the skin: 

𝑄𝑄 = (ℎ𝑐𝑐 + ℎ𝑟𝑟)(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)                                               (5.20) 

 

which represents a mixed boundary condition if  and  are both specified. 
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5.2.3 Simulation Sequence 

Each numerical simulation undertaken in this thesis consisted of the following ten 

sequential steps: 

5.2.3.1. Phantom Import: in which the desired 3D computational phantom 

was loaded into the thermal solver and its orientation could be edited.  

5.2.3.2. Simulation Interval: in which the length of the simulation was set.  

5.2.3.3. Sensors: represented points along the simulation interval at which the 

simulation could be examined during post-processing. 

5.2.3.4. Organ Parameters: in which thermophysical and biothermal values of 

each organ-domain or model-object were defined. 

5.2.3.5. Initial Conditions: in which the overall temperature of an organ-

domain or model-object was specified. The temperature distribution solved 

by another simulation could be set as the initial condition. 

5.2.3.6. Boundary Conditions:  in which the applicable boundary condition 

was specified as either Dirichlet, Neumann or Mixed (Dirichlet plus 

Neumann). The heat transfer coefficient and surrounding temperature were 

specified in this step. 

5.2.3.7. Grid Design: in which a gird was designed around an organ-domain or 

model-object, whose refinement could be define between extremely fine, 

very fine, fine, normal, coarse, and very course. In this study, grid design 

was generally undertaken using an automated tool of the thermal solver. 

5.2.3.8. Voxels Creation: in which the surface triangle mesh of each organ-

domain and the grid were used together to generate voxels for each organ-
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domain. A voxel is a single data point that contained scalar values of 

thermophysical and biothermal parameters for each organ-domain. For 

organ-domain volume, the mesh was assumed to be closed. For organ-

domain surface, the mesh was assumed to be opened in which stair 

approximation was generated. In this study, voxel creation was generally 

undertaken using an automated tool of the thermal solver. 

5.2.3.9. Simulation Run: in which the simulation was initiated. 

5.2.3.10. Post-processing: in which the simulation solution was analysed at 

specific sensor-points with the help of several thermal solver tools.  
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Chapter 6 

Numerical approximation of antemortem body 
temperature 

 
The hypothesised effect of antemortem axial temperature distribution on postmortem 

cooling were discussed in chapter 1 of this thesis. This chapter discusses numerical 

approximation of antemortem body (and thus axial) temperature under natural 

convection by assigning metabolic heat production and blood perfusion rates to 

individual organ-domains.  
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6.1 Transient Simulation Setup 
 

6.1.1 Phantom Import 

The 3D computational phantoms Duke, Ella, Billie, and Thelonious were used in 

this chapter, bringing the number of simulations undertaken to four. The phantoms 

were placed standing in a neutral position with no contact with any external solid 

surface.  

6.1.2 Simulation Interval 

Simulation intervals long enough to simulate complete thermal equilibration 

between each 3D computational phantom and surrounding air were not known in 

advance and were consequently established iteratively. Final simulation intervals 

applied are discussed under the results subheading. 

6.1.3 Sensors 

Two sensors were placed in each simulation, one at the beginning and the other at 

the end. 

6.1.4 Organ Parameters 

This study applied average/mean values of thermophysical and biothermal 

parameters from Annexure 11. Each 3D computational phantom consisted of non-

thermogenic organ-domains whose metabolic heat generation rates and blood 

perfusion rates were zero by default, viz. air, bile, blood, bronchi lumen, 

cerebrospinal fluid, cornea, lens, oesophagus lumen, non-infiltrated fat, heart lumen, 

large intestine lumen, pharynx, small intestine lumen, stomach lumen, trachea 

lumen, tooth and vitreous humour. The total mean metabolic heat generation rate for 

the 3D phantom Duke (70.2kg) was 154W, which was the equivalent of a 70kg 
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individual jogging on level ground at 9 km/hr2.  

6.1.5 Initial Conditions 

All the organ-domains were assigned an arbitrary initial temperature of 37°C for the 

four 3D phantoms. 

6.1.6 Boundary Condition 

The boundary condition type chosen for the four studies was ‘mixed’, the 

surrounding air temperature was 22°C and the heat transfer coefficient3 was set at 

3.4 Wm−2°C−1. 

6.1.7 Grid Design 

Discretization to transform the 3D computational phantoms  to rectilinear meshes 

was performed using Sim4Life®’s rectilinear non-uniform gridding algorithm, 

which used ray-tracing and robust intersection testing, identified relevant structural 

features of the 3D computational phantom and then suggested a Cartesian grid that 

could neatly and properly resolve it. This ensured mesh-independent solutions. The 

grid refinement level applied was normal. The resolution of 3D computational 

phantoms was 10mm in the xyz axes. Final grid sizes for the four 3D computational 

phantoms are indicated in Table 6.1. Fig. 6.1 indicates the grid constructed around 

the 3D phantom named Duke. 

 

 

3D phantom Total cells (x107) x-cells y-cells z-cells 
Duke 3.4595 142 279 899 
Ella 2.9675 142 253 826 
Billie 2.2476 130 226 765 
Thelonious 1.1863 109 187 582 

                                         Table 6.1 Grid sizes generated for each 3D computational phantom. 
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Fig. 6.1 The grid generated around Duke 
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6.2 Results and Discussion 

6.2.1 Approximated organ temperature 

Thermal equilibration was achieved after 9000s simulation interval. The predicted 

temperature fields of all organs showed spatial inhomogeneity, varying in the xyz 

coordinates. The inhomogeneity was also demonstrated in the predicted skin 

temperature whose vast surface area, external location and ready accessibility made 

it the organ of choice for comparison with normal skin temperatures cited in the 

literature. Figs. 6.2 to 6.5 indicate the predicted skin temperature of the 3D 

phantoms Duke, Ella, Billie, and Thelonious, respectively. The simulated 

inhomogeneity of skin temperature was consistent with that observed by infrared 

thermography4. Quantitative comparison of skin temperature predicted by these 

simulations against antemortem skin temperature distribution as described in the 

literature could not be undertaken due to wide range in which normal skin 

temperature flatulates as a result of the physical exertion, ambient temperature, skin 

moisture, clothing and prevailing thermoregulatory mechanisms. However, human 

skin temperature in air during exercise on a treadmill and at rest is also known to be 

inhomogeneously distributed5. Skin temperature of the adult male 3D phantom 

ranged from 20.6°C to 41°C, which were deemed within acceptable limits. Skin 

temperature in these simulations were predicted without being approximated by a 

linear gradient from 37°C at the vertex to 27°C at the distal ends of the limbs, as was 

done by Mall6. 
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Although the meaning of ‘outer shell’ and ‘inner core’ may be colloquially 

understood in physiology and forensic pathology literature, the transition from one 

to the other was less clearly defined because anatomical landmarks or temperature 

limits did not form part of their definition. Literature on antemortem temperature of 

internal organs, for comparisons with our simulation results, proved scant. As of 

2019, magnetic resonance thermal imaging (MRtI) was the only non-invasive 

modality found capable of measuring 3D temperature of individual internal organs 

in the living. However, literature on normal 3D temperature variations of internal 

organs at rest or during exercise (increased metabolism and blood flow) could not be 

found. Thus, comparative analysis of 3D temperatures of internal organs predicted 

by the numerical simulation in this chapter was precluded.  
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Fig. 6.2  D
uke’s predicted skin tem

perature using average organ m
etabolic and perfusion rates (154W

). From
 left to right: anterior, 

posterior, left, right, top (far-right top) and bottom
 (far-right bottom

).  
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Fig. 6.3 Ella’s predicted skin tem
perature using average m

etabolic and perfusion rates. From
 left to right: anterior, posterior, left, right, top (far-right top) 

and bottom
 (far-right bottom

).  
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Fig. 6.4 B
illie’s predicted skin tem

perature using average m
etabolic and perfusion rates. From

 left to right: anterior, 
posterior, left, right, top (far-right top) and bottom

 (far-right bottom
).  
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Fig. 6.5 Theolonues’ predicted skin tem
perature using average m

etabolic and perfusion rates. From
 left to right: 

anterior, posterior, left, right, top (far-right top) and bottom
 (far-right bottom

).  
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4.3.2 Approximated axial temperature distribution 

Results from these simulations were consistent with the generally accepted principle 

that the living human body consists of a cooler ‘outer shell’ and a ‘hot core’. At any 

given axial section, the location and size of the central isotherm (hot core) appeared to 

be determined by the location, shape, and size of the most thermogenic organ there. 

For example, the organ domain that exhibited the highest temperature in the 3D 

phantom Duke at the chest level (1327mm from the ground) was heart muscle, while 

heart lumen and aorta lumen (both representing blood, a heat-sink term in the 

Pennes bioheat model) exhibited the lowest temperature, see Fig 6.6. Thus, the 

transcorporal one-dimensional (1D) axial temperature through the chest was nonlinear 

and differed and depended on the coronal (yz) and/or (para)sagittal (xz) plane selected 

for examination. Fig. 6.7 indicates 1D axial temperature curves of the chest plotted at 

various planes. 

   
Fig. 6.6 The antemortem axial temperature distribution of Duke at the chest level. The arrow indicates 
heart muscle, the arrowhead indicates blood in descending thoracic aorta and the Asterix indicates 
heart lumen. 

* 
* 
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Fig. 6.7 O
ne-dim

ensional antem
ortem

 axial tem
perature curves of D

uke at the chest level. Fig. 6.7.1 indicates positions of 1-
dem

sniosnal fields. Figs. 6.7.2 to 6.7.4 indicate 1D
 axial tem

perature curves from
 planes E, F and G

, respectively.  

 

E 
F 

G 

1 
2 

3 
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At the lower abdominal level (1091mm), the organ-domain that exhibited the highest 

temperature was the kidney, characterised by two symmetrical posteriorly-located 

isotherm, see Fig 6.8.  Here too, 1D axial temperature distribution differed according 

to the coronal (yz) and/or (para)sagittal (xz) plane selected for examination. Fig. 6.9 

indicates 1D axial temperature curves of the lower abdomen plotted at various planes. 

 

 

 
Fig. 6.8 The antemortem axial temperature distribution of Duke at the lower abdominal level. Stars 

indicate position of kidneys. 
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Fig. 6.9 – 1D
 antem

ortem
 axial tem

perature curves of D
uke at the low

er abdom
inal level. Fig. 6.9.1 indicates positions of 1D

 fields. Figs. 
6.9.1 – 6.9.4 indicate 1D

 axial tem
perature curves from

 E, F and G
, respectively. N

ote the depression in Fig. 6.9.2 caused by urine and the tw
o 

peaks in Fig. 6.9.4 caused by the kidneys.  
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At the pelvis, the organ-domain that exhibited the highest temperature at the axial 

level of the rectosigmoid junction where the tip of a rectally inserted thermometer 

would halt (951.7mm from the floor) was skeletal muscle outside of the pelvic girdle, 

characterised by two symmetrical central isotherms. Therefore, the suggestion was 

that rectal temperature was not representative of deep core temperature, at least in the 

antemortem period. Fig. 6.10 indicates the axial temperature distribution at the pelvic 

level. As was found at the chest and abdomen, 1D axial temperature distribution 

differed according to the coronal (yz) and/or (para)sagittal (xz) plane selected for 

examination. Fig. 6.11 indicates 1D axial temperature curves of the pelvis plotted at 

various planes. 

 

 
Fig. 6.10 The antemortem axial temperature distribution of Duke at the pelvis. Stars indicate position 
of skeletal muscle. 
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6.3 Conclusions 
Several variables affect accuracy of death-time estimation methods, one of which is 

the axial temperature distribution at death. Literature review conducted in chapter 3 

indicated that empiric methods of death-time estimation did not define total-body or 

axial temperature at death but used a single-point temperature approximation. It also 

indicated that numerical methods of death-time estimation applied varying bioheat 

modelling strategies on 3D computational phantoms of varying anatomical fidelity. 

This chapter proposes a numerical method of approximating antemortem total-body 

temperature distribution field at death using organ-specific metabolic heat 

generation and blood perfusion rates in a high-fidelity 3D computational phantom. 

Skin is the organ through which postmortem heat-transfer occurs to the external 

environment, therefore accurate estimation of its temperature at death cannot be 

overstated. In conclusion, this study: 

4.4.1 Proposes numerical approximation of body temperature 

distribution at death using a high-fidelity 3D computational 

phantom and organ-specific heat generation and blood 

perfusion parameters.  

4.4.2 Proposes separation of numerical approximation of body 

temperature distribution at death from numerical simulation 

of postmortem cooling. 

4.4.3 Suggests that the antemortem central isotherm (hot core) is a 

nonhomogeneous field whose morphology varied according 

to the anatomical plane of examination. 
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Chapter 7 

Postmortem axial heat transfer 

 
The previous chapter demonstrated numerical approximation of total-body 

temperature distribution in a high-definition, anatomically-segmented 3D 

computational phantom. This chapter examines numerical analysis of postmortem 

axial heat transfer in the human body using the same human phantom as a surrogate. 

The idea is that antemortem total-body temperature distribution, whose estimation 

was conducted in the previous chapter, would typically constitute initial conditions 

in simulation of postmortem axial heat transfer discussed in this chapter. An in-

depth understanding of the behaviour of internal temperature fields during 

postmortem cooling would inform on the best anatomical site and method of 

thermometry while allowing accuracy and sensitivity of existing anatomical sites 

and method of thermometry used in death-time estimation. Ultimately, these steps 

lead to improvement in accuracy of death-time calculation methods.  

 

As stated in chapter 1, Mfolozi1 in 2013 hypothesized that the postmortem central 

isotherm (hot core) was a dynamic entity different to its antemortem counterpart. He 

speculated that its position responded to the temperature and thermophysical 

properties of a cooling surface on which the body rests by shifting either away or 

towards the cooling surface. If correct, such a shift would have material 

consequences to the value of a single-point core temperature measurement. That 
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would obviously constitute a source of uncertainty in a death-time estimate. The 

bibliographic review in chapter 3 indicates that such an effect was not described in 

the literature. It was therefore mandatory to prove/disprove the hypothesis in this 

chapter.   
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7.1 Materials and Methods 

The numerical analysis of postmortem cooling discussed in this chapter applied the 

same FDTD method, transient thermal analysis method, thermal analysis software, 

and computer hardware discussed in chapter 3. However, only the adult male 3D 

phantom Duke was selected for these analyses, to streamline the work. In this 

chapter, three postmortem cooling scenarios were simulated: 1) postmortem cooling 

in free-air, which constituted the baseline study, 2) postmortem cooling in the supine 

position on a simulated unheated concrete ground-surface, and 3) postmortem 

cooling in the supine position on a heated floor.  
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7.1.1 Simulation Setup – Postmortem Cooling in Free-air 

 

7.1.1.1 Simulation interval 

The simulated postmortem cooling interval was 5 hours (18000s) using a 1s time-

step. 

7.1.1.2 Sensors 

Solutions were recorded every 3 minutes (180 seconds). 

7.1.1.3 Organ Parameters 

Biothermal parameters of all organ-domains were set to zero to simulate death. 

Average/mean thermophysical parameters were applied to all organ-domains.  

7.1.1.4 Initial Conditions 

The antemortem body temperature approximated for the adult male 3D phantom 

Duke in chapter 6 constituted the initial condition.  

7.1.1.5 Boundary Conditions 

The ambient temperature selected for this analysis was 14°C, the boundary type was 

‘mixed’ and the heat transfer coefficient2 used was 3.4Wm−2K. 

7.1.1.6 Grid Design 

The grid settings were identical to those applied in chapter 6. The grid refinement 

applied was normal. The grid consisted of 3.4595 x 107 cells. 

7.1.1.7 Voxel Building 

The voxel settings were identical to those applied in chapter 6.  
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7.1.2 Simulation setup – Postmortem Cooling on Cold Concrete 

7.1.2.1 The cold concrete model-object 

A model-object 300mm x 600mm x 2000mm that represented a concrete block was 

built in the simulation software (Fig. 7.1). It had a slightly concave top surface from 

head to toe, a best-fit profile to the 3D computational phantom thought to have 

occurred during MRI scanning. Contact points with the 3D computational phantom’s 

skin in the supine position were the occiput, shoulder blades, buttocks, the posterior 

surface of the thighs, hamstrings, and the posterior surface of the heels. The concrete 

block was assigned the following thermophysical properties:  

• Density was for M50-grade concrete3, 2400kg m−3.. 

• Conductivity4 was 0.8W m−1K−1. 

• Specific heat capacity5 was 960J kg−1K. 

7.1.2.2 Simulation interval 

The simulated postmortem cooling interval was 5 hours (18000 seconds) using a 

time-step factor of 1s. 

7.1.2.3 Sensors 

Solutions were recorded every 3 minutes (180 seconds). 

7.1.2.4 Organ Parameters 

Biothermal parameters of all organ-domains were set to zero to simulate death. 

Average/mean thermophysical parameters were applied to all organ-domains.  

7.1.2.5 Initial Conditions 

The initial temperature field of the adult male 3D phantom Duke was derived from 

the simulation undertaken in chapter 6. The initial temperature field of the concrete 

block was 14°C. 
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7.1.2.6 Boundary Conditions 

The ambient temperature selected for this analysis was 14°C, the boundary type was 

‘mixed’ and the heat transfer coefficient6 used was 3.4Wm−2K. 

7.1.2.7 Grid Design 

The grid settings were identical to those applied in chapter 6. The grid refinement 

applied was normal. The grid consisted of 5.9374 x 107 cells. 

7.1.2.8 Voxel Building 

The voxel settings were identical to those applied in chapter 6.  
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Fig. 7.1 – The concrete surface on which Duke was placed. A is lateral view and B is oblique view. 

  

 

A 

B 
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7.1.3 Simulation Setup – Postmortem Cooling on Heated Floor 

7.1.3.1 The heated floor model-object 

A 20mm x 2000mm x 600mm model-object that represented a heated floor was built 

in the simulation environment and placed on top of the concrete surface mentioned 

earlier as illustrated in Fig.7.2. The 3D human computational phantom was placed 

supine on the heated surface. Skin contact points against the heated surface were 

identical to those on concrete mentioned in the previous subsection. The heated floor 

was assigned a Neumann boundary condition to enable it to be a heat source. Being 

a boundary-condition, the heated floor was therefore not assigned material properties 

but was assigned a heat-flux value whose mathematical sign indicated whether it 

was a heat source (+ sign) or a heat sink (– sign). The assigned heat-flux value was 

+40 Wm−2. 

7.1.3.2 The cold concrete model-object 

The concrete surface beneath the heated surface was assigned the same 

thermophysical values mentioned earlier. 

7.1.3.3 Simulation interval 

The simulated postmortem cooling interval was 5 hours (18000 seconds) using a 

time-step factor of 1s. 

7.1.3.3 Sensors 

Solutions were recorded every 3 minutes (180 seconds). 

7.1.3.4 Organ Parameters 

Biothermal parameters of all organ-domains were set to zero to simulate death. 

Average/mean thermophysical parameters were applied to all organ-domains.  
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7.1.3.5 Initial Conditions 

The initial temperature field of the adult male 3D phantom Duke was derived from 

the simulation undertaken in chapter 6. The initial temperature field of the heated 

floor was 25°C. The initial temperature field of the concrete block was 14°C. 

7.1.3.6 Boundary Conditions 

The ambient temperature selected for this analysis was 14°C, the boundary type was 

‘mixed’ and the heat transfer coefficient7 used was 3.4Wm−2K. 

7.1.3.7 Grid Design 

The grid settings were identical to those applied in chapter 6. The grid refinement 

applied was normal. The grid consisted of 6.2278 x 107 cells. 

7.1.3.8 Voxel Building 

The voxel settings were identical to those applied in chapter 6.  
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Fig. 7.2 The heated floor (red-brown) between the concrete surface (beige) and Duke. A indicates the 
lateral view and B indicates the oblique view. 

  

 

A 
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7.2 Results  

Because death-time estimation applies temperature measurements obtained from the 

body, the results sections in the rest of this thesis are from the perspective of 

simulated temperature fields and not necessarily mathematical analyses of heat 

transfer processes causing temperature fields. 

7.2.1 Free-air Postmortem Cooling 

Predicted skin temperature during postmortem cooling in free-air, which was 

inhomogeneous at the beginning of cooling, remained inhomogeneous for the 

chosen duration of postmortem cooling. This observation strengthened the assertion 

of the significance of realistic prediction of skin temperature at death. Skin areas 

starting off with lower initial temperature remained cool, while other skin areas 

warmed slightly for a while before eventually cooling again. Skin areas with 

relatively high initial temperatures eventually cooled, as expected. Fig. 7.3 indicates 

the predicted skin temperature 5 hours after death (compare with Fig. 5.4). 
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Fig. 7.3 – Predicted skin tem
perature of the adult m

ale geom
etry 18000s after death in free-air cooling. From

 left to right are view
s: anterior, 

posterior, left lateral, right lateral, top (far-right top) and bottom
 (far-right bottom

). 
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The axial section selected to illustrate postmortem heat transfer was at the abdomen 

at the level of the liver, 1241mm above the heel. Video 7.1 that accompanies this 

thesis in a USB disc demonstrates the evolution of axial thermal fields in free-air 

cooling over the 5 hours. One second of playback-time represents 300s of simulated 

cooling. Fig. 7.4 demonstrates nine screengrab images from Video 7.1 at selected 

PMIs. The temperature of skin or ‘outer shell’ at death was 36.5°C while that of the 

‘inner core’ was 37.4°C. Then, the following observations were made: 

 At ±180s after death, an isotherm of 36.5°C previously confined to the skin 

slightly thickened in its inner surface and pushed the central isotherm of 

37.4°C, causing the latter to shrink slightly.  

 At ±360s after death, a new isotherm of 36.3°C had developed on the outer 

surface of the skin. It surrounded and moved the 36.5°C isotherm inward, 

which at this stage had become circular. In turn, the isotherm of 36.3°C 

further pushed the central isotherm of 37.4°C, causing it to shrink further. 

 At ±2340s after death, another isotherm of ~36.1°C had developed on the 

outer surface of the skin. It too surrounded and moved the 36.3°C isotherm 

inward, which in turn shifted the 36.5°C isotherm inward, which in turn 

moved towards the central antemortem isotherm and caused it to shrink even 

further.  

 This cycle was repeated every few hundred seconds or so, in which new 

cooler circular axial isotherms developed on the skin, while pre-existing ones 

propagated inwards towards the core, gradually reducing in diameter along 

with the central isotherm. 
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 At 13860s (3hrs 51mins) after death, the 37.4°C antemortem central isotherm 

that had progressively been shrinking finally disappeared. Thereafter, the 

36.5°C isotherm that had immediately surrounded it became the first 

‘postmortem’ central isotherm. It had a substantial initial radius and it too 

persisted for many minutes as it gradually shrunk to well beyond the 5-hour 

limit of the simulation.  

 In the abdomen, all newly-formed axial isotherms on skin initially assumed 

the exact circumferential contour of the skin. But as they shrunk and 

propagated towards the core, they gradually became ovoid and were 

perfectly oval by the time they each became the central isotherms. Axial 

sections in all other parts of the body including the thighs (not shown in this 

thesis) also displayed propagating circular axial isotherms and shrinking 

central isotherms. In the arms, the antemortem central isotherm lasted 1620s 

(27 minutes) on the left and 1980s (33 minutes) on the right.  
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 7.2.2 Postmortem Cooling on Cold Concrete 

The supine position of the 3D phantom on cold concrete resulted in skin contact-

points through which heat transfer occurred by thermal conduction. The occiput 

showed a round contact-point, the posterior surface of the upper chest and shoulders 

showed a large V-shaped contact-point, and the buttocks, posterior thighs, calves, 

and heels all showed oval contact-points. All contact-points corresponded to 

surfaces normally observed having contact pallor on supine bodies at the mortuary, 

which were a small fraction of the total skin surface. The skin temperature on the 

posterior aspect of the body changed dynamically. Contact points showed 

persistently lower temperatures than the rest of skin during the entire simulation 

interval, indicating accelerated heat transfer by thermal conduction there than by 

thermal convection elsewhere on the skin. The rate of cooling of skin on the anterior 

surface of the body was slow. 

Skin at the chosen axial level was in contact with concrete. Simulated postmortem 

cooling at the chosen axial levels showed similarities that of free-air cooling. Video 

7.2 (accompanying this thesis in a USB disc) demonstrates the evolution of thermal 

fields in postmortem cooling on concrete over the 5 hours. One second of playback-

time represents 300s of cooling. Noteworthy differences were: 

 Increased rate of heat loss by thermal conduction at contact points with cold 

concrete floor caused a large temperature gradient between the central 

isotherm and concrete compared to other parts along the body circumference 

at an axial level. The result was an apparent shift of the central isotherm 
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away from concrete towards the anterior surface of the body. Fig. 7.5 

demonstrates nine screengrab images from Video 7.2 at selected PMIs. This 

shift was the cause of the relatively sluggish rate of cooling of the skin 

observed on the anterior aspect of the body. 

 The antemortem central isotherm existed for a comparatively shorter period 

in simulated postmortem cooling on the cold concrete (about 9000s or 2hrs 

30mins) compared to air. This was because the antemortem central isotherm 

radius was smaller at death due to the larger temperature gradient between 

itself and the concrete floor. 

 Overall, heat transfer to cold concrete was accelerated compare to free air 

because of concrete’s material properties and temperature.  

 

The simulation indicated that internal temperature of the concrete block evolved 

throughout the simulation interval. Heat transfer from the body to the concrete block 

caused semi-circular axial isotherms inside the concrete block that propagated 

radially away from contact-points into the bulk of the block, causing a gradual rise 

in its temperature.  
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7.2.3 Postmortem Cooling on Heated Floor 

Skin on the anterior aspect of the body had a narrow temperature distribution of 

25°C at the beginning of cooling, which remained relatively constant throughout the 

simulated PMI. Distal aspects of limbs closer to the torso showed progressive 

cooling. Contact-skin at the shoulders and buttocks showed a constant temperature 

of 28°C throughout the simulated PMI, while surrounding non-contact skin 

progressively cooled. Temperature evolution at the chosen axial section was more 

complex. At death, the central isotherm was located posteriorly and closest to the 

heated surface, causing the lowest temperatures to be on the skin of the anterior 

aspect of the body. See Fig. 7.6. The temperature gradient between the central 

isotherm and anterior skin was 12.5°C, more than any observed over such a short 

axial distance. On commencement of cooling, that temperature gradient expanded 

into multiple distinct isotherms, the inner-most of which propagated towards the 

central isotherm, resulting in its shrinkage as expected. The outer-most isotherms 

showed paradoxical retrograde propagation towards the skin for a short period. 

Intermediate circular axial isotherms stagnated for a prolonged period, which 

explained the constant temperature of 25°C observed on the anterior surface of the 

body for the 5-hour duration of simulated postmortem cooling. The antemortem 

central isotherm lasted 5400s (1 hour 30 minutes). This is significantly shorter than 

that seen in free air cooling and cooling on concrete discussed earlier. Its posterior 

location reduced the distance travelled by the first circular isotherm from the 

posterior skin to the core. Video 7.3 (accompanying this thesis in a USB disc) 
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demonstrates the evolution of thermal fields in postmortem cooling on a heated 

surface over the 5 hours. One second of playback-time represents 300s of cooling.   
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7.3 Discussion 

7.3.1 Free-air Postmortem Cooling  

Although the author understood that the direction of heat transfer was from the deep 

core to the skin, visualisation of axial isotherms provided a unique perspective of 

postmortem heat transfer. Isotherms (and not heat transfer or heat flux per se) are 

what thermometers measure from a body during postmortem thermometry for death-

time estimation. It was therefore more important for purposes of this thesis to 

understand isotherms to help explain experimental observations described by authors 

in the field. The optimal temperature scale that visualised postmortem isotherms 

during post-processing was from 14°C to 40°C.  

From Video 7.1 it became evident to the author that: 

a) The antemortem central isotherm was in fact the elusive PMTP. Similar 

internal isotherms in human surrogates appear in studies by Kanawaku et al8 

and Schenkl et al9, although no mention of their propagation or relationship 

to the PMTP was made, 

b) The periphery of the antemortem central isotherm was the entity 

hypothesised by Mfolozi in 2013 to propagate from the skin to the centre of 

the body, resulting in cooling of successive body layers as it travelled.  

c) A thermometer placed in the centre of the antemortem central isotherm in 

this 3D computational phantom would measure 37.4°C for an uninterrupted 

3hrs 51mins after death before registering any temperature change there – 

the definition of a PMTP. This observation highlighted the inherent inability 
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for single-point core thermometry to differentiate a 37.4°C core-body 

temperature measured at death from a 37.4°C core-body temperature 

measured 3hrs 51mins after death in a body found dead. This was thought to 

be one of the reasons empiric death-time estimation methods that employ 

single-point core thermometry express their PMI estimate as a range rather 

than a single value. For example, application of the Rectal Temperature 

Nomogram method to estimate the PMI in this scenario using 37.4°C as the 

measured body temperature predicted a PMI of 2hr 20min ± 2hr 48min (i.e. 

0hrs to 5hrs 8min) using a corrective factor of 1.  

d) A thermometer placed at the beginning of postmortem cooling between the 

skin and the centre of the antemortem central isotherm would measure a 

PMTP shorter than the full 3hrs 51minutes. 

e) A temperature gradient always existed between the skin and the centre of the 

body at all indicated PMIs.  

f) The temperature value measured by single-point thermometry at a given 

PMI would depend on thermometry-depth used. A higher temperature would 

be recorded by a deeply inserted thermometer, and vice versa. This effect of 

thermometry-depth, also referred to as the ‘location factor’ or radius by 

Joseph and Schickele10 is a recognised source of uncertainty in death-time 

estimation and was hypothesised by Mfolozi in 2013.  

g) A thermometer placed for the first time at the centre of the antemortem 

central isotherm (PMTP) some time after postmortem cooling commences, 

for example at a PMI of 5400s (1hr 30 mins), would register the remainder 
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of the antemortem central isotherm’s life/PMTP. In other words, the 

measured PMTP would only be 8460s (2hr 21mins) long. This, once more, 

proved Mfolozi’s hypothesis that the time between death and thermometry 

(which, in the case of a dead body for which death-time estimation is 

performed, is the PMI of that body by definition) was a variable that 

affected the PMTP length independent of the other variables already 

discussed.  

h) The antemortem central isotherm, and therefore the PMTP, existed for 

longer in the abdomen than in the arms because the radius – the axial 

distance travelled by the antemortem central isotherm as it shrunk – was 

more in the abdomen than in the arms, while the rate of shrinking was the 

same in both. This corresponded to the effect of the size-factor as discussed 

by several authors11,12 and once more proved Mfolozi’s 2013 hypothesis that 

body radius (circumference) was an independent variable affecting the 

PMTP length.  
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Fig. 7.7 – The Rectal Temperature Nomogram method used to estimate Duke’s PMI using a core 
temperature of 37.4°C. Air temperature was 14°C and body mass was 70kg. The red circle indicates 
the PMI estimate. 
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The fact that metabolic-heat generation rates of all organs were set to zero in 

numerical simulations in this chapter indicated that no postmortem metabolism or 

any other biological phenomena, as suggested by several erstwhile authors 

discussed in chapter 3, was required to produce the PMTP. Unlike Mall’s heat-flow 

FEM13,14, zeroing of metabolic-heat generation rates in this study was performed 

simultaneously and abruptly in all organs without using a decrease-rate of internal 

power to artificially induce the PMTP.   

Varying combinations of the above factors in erstwhile postmortem cooling 

experiments were thought to be responsible for the unpredictable nature of the 

PMTP. This study also demonstrated that ‘postmortem’ central isotherms formed 

after the disappearance of the antemortem central isotherm also existed for nearly as 

long as the antemortem counterpart, accounting for the sluggish rate of core cooling 

measured after the PMTP that some authors incorporated into the PMTP definition. 

The temperature of central isotherms (antemortem and postmortem) measured by 

single-point thermometry and applied in today’s methods of death-time estimation is 

therefore not specific to identify the amount of time lapsed after death that results in 

that isotherm temperature.  
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7.3.2 Postmortem Cooling on Cold Concrete 

This study demonstrated that temperature and thermophysical properties of a cold 

ground-surface such as concrete affected postmortem cooling by shifting the 

location of the postmortem central isotherm, consistent with the author’s 2013 

hypothesis. The shift was not drastic but was nonetheless noticeable and would have 

obviously affected the value of a measured single-point core temperature and 

subsequent death-time estimation calculation by empiric methods. Central isotherms 

shifted away from the cold concrete ground-surface because the latter was cooler 

than the body. Their shift towards the anterior of the body was due to the body’s 

supine position on the ground. The final position of the central isotherm in a given 

body found dead would thus be determined by that temperature and material 

properties of a ground-surface as well as the position of the body, i.e. supine, lateral, 

or prone.  

This study also demonstrated that a cold ground-surface such as concrete may not 

always be an infinite heat-sink as assumed in the heat-flow FEM by Mall13,14. This 

was because the temperature of concrete continually increased as a result of heat 

transfer to it, which independently resulted in progressive slowing of subsequent 

heat transfer rates. The rate of heat transfer to concrete by thermal conduction was 

demonstratively higher than the rate of heat transfer to air by thermal convection and 

thermal radiation, despite air and concrete having identical initial temperatures of 

14°C during the simulated cooling interval. The shift of the central isotherm caused 

by thermophysical properties of the ground-surface was an additional variable 
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responsible for the unpredictability of the PMTP, was a function of single-point 

thermometry. 

 

7.3.3 Postmortem Cooling on Heated Floor 

Postmortem cooling on a heated floor produced several unexpected observations: 

 

a) Firstly, the antemortem central isotherm existed for a shorter duration 

compared to postmortem cooling in free air. The PMTP during postmortem 

cooling on heated floor was thus shorter, whereas the author’s expectation 

had been that it would be longer because less heat transfer had been 

expected to occur to the heated floor because it was already heated.  

b) Secondly, the temperature of the heated floor increased at contact points in 

the early stages of postmortem cooling, indicating that heat transfer by 

thermal conduction occurred from the body to the floor despite the floor 

being heated. The area of the heated floor on which the temperature increase 

occurred assumed a silhouette of the body whose temperature was higher 

than its original temperature of 25°C as indicated in Fig. 7.8. This 

observation was thought to occur because the original 25°C of the heated 

floor was lower than the original body core temperature of 37.4°C at death. 

That difference created a temperature gradient towards the heated floor, 

which heat transfer then followed. Heat transfer to the heated floor would 

cease once the body, air and heated floor temperatures equilibrated.  
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One postmortem cooling condition in which use of the Rectal Temperature 

Nomogram method is not advised is presence of strong thermal radiation, which a 

heated floor is an example of. This study succeeded in numerically demonstrating 

heat transfer from the body to a heated ground-surface during postmortem cooling. 

 

 
Fig. 7.8 – The effect of heat transfer from the phantom (not shown) on the heated floor. 
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7.3.4 Shifted Postmortem Central Isotherm 

The shifting phenomenon of the central isotherm caused by thermophysical 

properties and temperature of ground-surfaces is illustrated in Fig. 7.9 using side-by-

side comparison of axial views of the three cooling scenarios at comparable PMI’s.  

 

                                                              

                                                              

                                                              
 

Fig. 7.9 – Side-by-side com
parison of shifted central isotherm

s at com
parable PM

I. Figs.7.9A
-C

 indicate cooling in 
free-air at 12780s, cooling on concrete at 12900s and cooling on heated floor at 12900s, respectively. The dotted 
line passes through the centre of the central postm

ortem
 isotherm

 in free-air cooling. 

 

B
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7.3.5 The PMTP phenomenon 

The single most important lesson learnt from this thesis was that the PMTP 

phenomenon was a manifestation of a much more fundamental problem at the centre 

of uncertainty in thermometric death-time estimation. This root problem is the 

standard practice of measuring postmortem core temperature from a single point 

within the body core, already referred to in this thesis as ‘single-point core 

thermometry’. It is application of single-point thermometry that results in:  

a) Misrepresentation of antemortem temperature distribution as a single-point 

rectal temperature of 37°C,  

b) Detection of the PMTP,  

c) Variations of measured temperatures among different bodies if relative 

thermometry-depth is not standardised, and 

d) Variations of temperature measurements among different bodies if 

thermophysical properties and temperature of ground-surfaces are not 

accounted for.  
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7.4 Conclusions 

Contributions made by this study to death-time estimation therefore are that: 

7.4.1 The standard single-point core thermometry technique used in death-

time estimation measures only the temperature of a central isotherm, 

which this study demonstrated to be nonspecific to a single PMI value. 

7.4.2 The postmortem axial thermal profile in the human body continuously 

changed from the TOD until the end of postmortem cooling, i.e. it has 

high specificity for any given PMI value, which would be useful for 

death-time estimation.   

7.4.3 Multipoint axial thermometry (MAT) if applied in death-time estimation, 

could eliminate single-point uncertainties as discussed in this thesis that 

cause: 

7.4.3.1 the PMTP phenomenon, 

7.4.3.2 variations of core temperature measurements due to 

non-standardization of thermometry-depth,  

7.4.3.3 variations of core temperature measurements due to 

shifted central isotherms as a result of temperature and 

thermophysical properties of ground-surfaces and of 

variations in body position. 

7.4.4 By extension: 

7.4.4.1 Modelling ground-surfaces in numerical analyses of 

postmortem cooling is advisable to account for its 

effects in shifting the central isotherm,  
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7.4.4.2 effort must be made to establish the ground-surface 

temperature at the death scene, and this must be 

modelled in numerical analyses as well,  

7.4.4.3 effort must be made to establish thermophysical 

properties of ground-surfaces and these must be 

modelled, and 

7.4.4.4 body position must be established at the death scene, 

and this must be modelled representatively to 

accurately represent central isotherm shifting.   
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Chapter 8 

Multipoint axial thermometry 
 

Chapter 7 of this thesis demonstrated that the standard single-point core thermometry 

technique applied in empiric and numerical death-time estimation methods today 

measures only the temperature of the central isotherm, which has very low specificity 

for any given PMI value. The axial thermal profile of the human body, on the other 

hand, was demonstrated to be very specific for any given PMI value under a specific 

set of circumstances. The suggestion was that MAT could be used for death-time 

estimation and would eliminate those single-point core thermometry uncertainties 

discussed previously in this thesis. This chapter demonstrates MAT using a proposed  

custom-made MAT device. MAT was undertaken in empiric and numerical studies of 

postmortem cooling under natural convection conditions. 
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8.1 Materials for Empiric Multipoint Axial Thermometry 

8.1.1 A multipoint thermometry device 

After it became clear that the axial thermal profile of a body showed high specificity 

for a given PMI compared to single-point thermometry, the author designed and 

commissioned fabrication of a MAT device prototype. Fig. 8.1 depicts the prototype 

in different formats during its development. The device was regarded as a practical 

output of this thesis. As shown, it was T-shaped and consisted of a handle part and a 

long shaft part. The shaft part consisted of a 350mm-long clear Perspex tube of 5mm 

inner radius and 6mm outer radius. The tube housed a 1.6mm high, 8.5mm wide and 

350mm long printed circuit-board on which 64 square-shaped MAX30205 human 

body temperature sensor-chips1, each 3mm x 3mm x 1mm, were located. The 

temperature sensor chips were spaced 5mm apart and had a resolution of 0,0001°C. 

The printed circuit-board was fixed onto a 325mm-long, 5mm radius, semi-circular 

grade-316 stainless-steel cylinder to provide mechanical strength during insertion 

into the body. A 35mm-long arrow-shaped introducer with a conical head, also 

fashioned out of grade-316 stainless-steel, was fitted into the open end of the Perspex 

tube to protect the printed circuit-board and temperature sensors from moisture 

damage and to facilitate skin perforation and insertion into the body. Two rubber 

gaskets having a 4mm inner radius and a 5mm outer radius were fitted in two 

grooves on the introducer against the Perspex tube for waterproofing. The distance 

from the tip of the introducer to sensor-chip #1 was 43mm.  
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Fig. 8.1 – The multipoint axial thermometry device prototype. A indicates schematic drawings. B 
indicates photorealistic computer renditions with a translucent cover. C indicates the final fabricated 
prototype.  

 

A 

B 

C 
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The T-shaped handle part was 3D-printed using polyamide (nylon). It housed an on-

off toggle switch, a rechargeable Samsung ICR18650 Li-ion battery2, a 32GB mini-

SD card3, a mini-USB charging port and a Raspberry Pi Zero4. The latter was a mini-

processor that created a Wi-Fi hot-spot around the device to which a laptop, 

smartphone or tablet could be connected using a password. The user could type the 

device’s webpage address on any web-browser and real-time temperature 

measurements from the 62 sensor-chips would be displayed. A feature on the 

webpage allowed recording of temperature measurements at 1-second intervals for a 

total of 180s per measurement event. Thereafter, a .cvs file was automatically 

created for each measurement event containing 11160 values (62 sensor-chips x 

180s), the times of their measurement, and the corresponding sensor-numbers. An 

icon pop-up menu would then be displayed to either download or email the cvs file. 

The device could store several .cvs files at a time. A patent application is pending5. 

8.1.2 The Cooling Dummy 

Due to legal and logistical constraints regarding access to and measurement of axial 

isotherms from corpses, which would have been the ideal gold-standard, a cooling 

dummy was built by filling a 771mm long cylindrical polyvinylchloride punching 

bag with 70L of a special gel solution consisting of 47.5% glycerol, 47.5% distilled 

water and 5% agar. This formula had been used to build cooling dummies in past 

studies6,7,8,9,10,11,12. The cooling dummy is depicted in Fig. 8.2. Its diameter was 

340mm, comparable to that of the abdomen of a large adult. The cooling dummy 

mass was 80.0kg.  
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                           Fig. 8.2 – The cooling dummy suspended during free-air cooling. 
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8.2 Methods for Empiric Multipoint Axial Thermometry 

8.2.1 Postmortem cooling in free air 

The cooling dummy was heated to 37°C in an incubator and, upon its removal, tied 

by its suspension belts to legs of the metal trolley used to transport it. The cooling 

dummy was placed on a small blanket on the metal trolley for insulation during 

transportation. The trolley was then placed outdoors in open air and tilted vertically 

to suspend the cooling dummy.  

8.2.2 Multipoint axial thermometry  

The multipoint thermometry device was first calibrated in ice-water at 0°C. 

Thereafter the device was inserted normal to the long axis and surface of the 

suspended cooling dummy at a height of 360mm. The intention was to have sensor-

chips traverse the full diameter of the cooling dummy. After full insertion, sensor-

chips 61 and 62 were at the level of the skin and outside the cooling dummy, 

respectively, while the rest of the sensor-chips were inside the cooling dummy. The 

tip of the stainless-steel introducer penetrated the opposite end of the cooling dummy 

and protruded by ~4mm. Thereafter, the multipoint thermometry device’s date and 

time were calibrated via a laptop connected to the device’s Wi-Fi. Postmortem axial 

isotherms were measured after the device had reached thermal equilibrium with the 

cooling dummy. 
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8.3 Results of Empiric Multipoint Axial Thermometry 

During any postmortem thermometry, the thermometer is often at ambient 

temperature so that heat-transfer first occurs between it and the body over a variable 

period as their temperatures equilibrate. This thermal equilibration interval is unique 

to every thermometry scenario and, in this study, its length was unknown and 

therefore had to first be established by a series of sequential measurements while the 

multipoint thermometry device remained in-situ. Axial isotherm measurements 

began 3hrs 46 minutes postmortem and continued 3, 7, 12, 16, 19, 23, 28, 36, 40, 43 

and 47 minutes thereafter. During that entire interval, measurements from the 62 

temperature sensors were observed to be in constant but slight fluctuation from 

second-to-second while they were simultaneously gradually increasing. Thermal 

equilibration was only observed 50 minutes after the first measurement, i.e. 4hrs 32 

minutes postmortem. The final temperature measurements used were therefore at 

4hrs and 32minutes and not 3hrs 46minutes postmortem. 

The length of the device probe was shorter than the diameter of the cooling dummy. 

Consequently, postmortem isotherms could not be measured through the entire 

diameter of the cooling dummy. Plotted measurements of all isotherms (Fig. 8.2) 

exhibited a parabolic curve that showed data missing on one end due to the length / 

diameter discrepancy. Measurements from sensor-chip 61 and 62 were thus omitted 

in the analysis. 

 



183 
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8.4 Discussion – Empiric Multipoint Axial Thermometry 

The parabolic nature of the curve in Fig. 8.4 was consistent with the existence of 

isotherms symmetrical around the centre of the cooling dummy. The highest 

recorded temperature was 37.5°C measured by sensor-chips 24 to 28. This 

represented the central isotherm whose diameter was at least 25mm (sensor-chips 

were spaced 5mm apart). This central isotherm was suspected of being the one that 

existed antemortem, i.e. the PMTP, caught as it was about to disappear. Further, the 

author was of the opinion that it was entirely plausible that a body with a 175mm 

radius could have an antemortem central isotherm lasting 4 hrs 32 min when cooling 

in natural convection. Axial core thermometry at 175mm from the skin using a 

traditional single-point thermometer at this PMI would obviously measure the PMTP 

despite significant cooling of the dummy having occurred that radial depth. It was 

easy to appreciate how variations in core-thermometry depth using a traditional 

single-point thermometer would result in measurement of different values, a source 

of uncertainty of death-time estimation discussed in earlier chapters of this thesis.  
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8.5 Materials – Numerical Multipoint Axial Thermometry 

8.5.1 The 3D computational phantom, thermal solver, and computer hardware 

The 3D computational phantom, thermal solver and computer hardware used in 

simulation of postmortem axial isotherm measurement were identical to those used 

in chapters 6 of this thesis. 

8.5.2 A virtual multipoint thermometry device 

The business end of the device consisting of the introducer and shaft was modelled 

as realistically as possible in Sim4Life® using its known design features, see Fig 8.3. 

Thermophysical properties individually assigned to its 68 parts are indicated in Table 

8.1.  

 

 

 

Material Density 
(kgm-3) 

Thermal conductivity 
(W/m/K) 

Specific Heat 
(J/kg/K) 

 
316-grade stainless-steel 

 
8000 

 
16.3 

 
500 

Perspex 1051 0.2 1.8 
Printed circuit board  2700 9 396 
Rubber (gaskets) 1522 0.16 1050 
Sensor-chip   2700 383 380 
                                          
Table 8.1 Thermophysical parameters assigned to components of the virtual multipoint axial 

thermometry device. 
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Fig. 8.3 The realistically modelled MAT device. A, B, C, D, E and F indicate oblique, side, top, bottom, 
front, and cross-section views, respectively. F1, F2, F3 and F4 indicate the Perspex tube, sensor-chip, 
printed circuit board and 316-grade stainless-steel rod, respectively. 
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8.6 Methods – Numerical Multipoint Axial Thermometry 

The steady-state simulation described in chapter 7 in which the adult male 3D 

computational phantom Duke cooled in free air over a 5-hour interval was applied 

as the initial condition in this study. The virtual multipoint thermometry device was 

then inserted at a 5hr PMI in the right thigh of the 3D computational model. The 

initial temperature of the virtual multipoint thermometry device was identical to the 

ambient air temperature. Allowance was made for thermal equilibration, after which 

temperatures of the virtual sensors were obtained.  
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8.7 Results and Discussion – Numerical Multipoint Axial Thermometry 
 

Existence of postmortem axial isotherms in all body parts was numerically 

demonstrated in chapter 7, but their simulated measurement with a virtual device had 

not been performed. In this numerical multipoint axial thermometry exercise, 

isotherm sensor-chips traversed the entire circumference of the thigh, leaving several 

sensor-chips outside the body anteriorly and posteriorly. This was the ideal manner 

of using the multipoint thermometry device. The isotherm curve exhibited flattened 

parabolic shape similar to that of the antemortem parasagittal chest curve shown in 

chapter 6, but obviously having lower temperatures. A key uncertainty in this 

simulation could be inter-component heat transfer, i.e. contact thermal resistance. 

The thermal characterization of the probe fell outside the scope of this study. It was 

concluded from this observation that the antemortem axial thermal profile is 

preserved postmortem, and that postmortem axial isotherms are measurable from all 

anatomical sites. Fig. 8.4 indicates 5hr postmortem axial isotherm curves from the 

right thigh. 
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Fig. 8.4 The numerically simulated five-hour multipoint axial thermometry curve from the right thigh 
of Duke. 
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8.8 Conclusions 

This chapter practically demonstrated MAT in a cooling dummy and numerically 

simulated it in a high-fidelity 3D computational phantom. MAT was therefore found 

to be a viable alternative to single-point thermometry for death-time estimation. This 

chapter proposes MAT using principles of the proposed  device for death-time 

estimation.  
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Chapter 9 

A numerical protocol for death-time estimation  
 

Chapter 8 of this thesis demonstrated MAT both empirically and numerically using a 

proposed MAT device. This chapter proposes a numerical protocol of death-time 

estimation in which the MAT profile from a body found dead is iteratively compared 

to the MAT profiles from numerical simulations of increasingly longer candidate 

PMIs using a comparable 3D computational phantom to represent the body. 

Application of MAT would eliminate uncertainties of single-point thermometry 

discussed in preceding chapters of this thesis. In addition, the proposed numerical 

protocol applies historical periodic meteorological air temperatures that would have 

existed during the PMI of the body as far as recorded by the nearest weather station, 

without requiring the TOD to average meteorological air temperatures. An 

investigator wishing to implement the proposed protocol would be expected to first 

collect the required data from the decedent and death scene, which in the next 

section are described prior to description of the proposed protocol. 
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9.1 Data Collection 

9.1.1 Examination of the Body 

The weight and height of the body are to be measured and the sex established. The 

exact clothing items on the body are noted and enumerated. Body position (supine, 

prone, lateral, foetal) is noted with reference to contact with the ground-surface. 

Circumferences of the head, chest, abdomen, upper and lower limbs are measured, 

and the height of each measurement is noted. This information assists in selecting the 

most appropriate 3D computational phantom for the analysis. 

9.1.2 Multipoint axial thermometry 

The numeric study in chapter 8 demonstrated measurement of postmortem axial 

isotherms from the thigh. The choice of anatomic site would depend on various 

factors, including the user’s personal preference, the desire to preserve pre-existing 

injuries that may have played a role in the death, the desire to avoid creating new / 

postmortem artefacts and the need to demonstrate isotherm shifting due to the 

ground-surface. To detect isotherm shifting in a body on the ground, insertion of the 

multipoint thermometry device must be normal to the ground. The body 

circumference at the insertion site is to be measured using a tape-measure. The 

multipoint thermometry device temperature must first be allowed to equilibrate with 

the body before thermometry using a series of preliminary measurements. 

It was the author’s opinion from the chapter 8 studies that simulated isotherm 

measurement in the 3D computational phantom that the proximal thigh was a 

suitable candidate site for device insertion because its bulk mass is predominantly 
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skeletal muscle seldom dissected at autopsy. Device insertion through the centre of 

the thigh would not be impeded by the femur bone as the latter is not in the 

geometric centre. Device insertion into the chest would not only be impeded by the 

ribs, sternum and spinal column but would obviously create artefactual postmortem 

injuries to solid and hollow thoracic viscera. Device insertion into the abdomen 

carries the risk of bowel perforation, while insertion into the head would be impeded 

by the skull. In many death scenes the thigh rests on the ground in the supine or 

lateral positions, which would permit demonstration of the resultant isotherm shift 

effect if present. Moreover, the thigh has a more or less circular axial circumference 

that is relatively easy to measure for comparing morphometric similarity with the 3D 

computational phantom to be selected for numerical simulation.  

9.1.3 Death Scene Investigation 

The type of ground-surface on which the body is discovered is to be noted and 

photographed. Its temperature is to be measured where possible and effort made to 

establish its composition and thermophysical properties. A measurement of the 

ambient air temperature in the immediate vicinity of the body is to taken using an 

appropriate air thermometer if indoors.  

9.1.4 Historical Meteorological Records 

Records of historic air temperature measurements are to be obtained from the nearest 

weather station for the 72 hours preceding the discovery of the body. The periodicity 

of meteorological air temperature measurements is to be noted, e.g. 2-hourly, 1-

hourly, half-hourly, or haphazardly. This information is often supplied in the record. 
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Although dedicated official weather stations are almost ubiquitous in urban areas of 

developed countries, in rural areas or underdeveloped nations weather stations may 

be few and far in-between. In many urban areas, private citizens keep private 

weather stations in their homes, and often publish their historical data in dedicated 

websites. An investigator who wishes to apply the proposed protocol visit such 

websites as www.wunderground.com1 or similar to search for a weather station 

nearest to them. 

  

http://www.wunderground.com/
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9.2 The Proposed Multipoint Axial Thermometry Protocol 

In the proposed MAT Protocol, the MAT profile measured from a decedent at an 

unknown PMI using the proposed MAT device is iteratively tested against MAT 

profiles predicted by numerical simulations of sequentially longer candidate PMIs, 

beginning from a candidate PMI of 0hrs (the time of MAT). A 3D computational 

human phantom of comparable anthropometry to the decedent. When MAT profiles 

do not match, the candidate PMI is excluded and a new, slightly longer candidate 

PMI is tested. A candidate PMI whose MAT profile matches is regarded as the final 

PMI estimated by the protocol. The MAT Protocol consists of one so-called 

‘antemortem’ simulation (AM) that approximates the decedent’s antemortem body 

temperature distribution, and one or more ‘postmortem’ simulations (PM) that 

predict postmortem cooling over a specified interval. 

A candidate PMI of 0hrs requires only the one AM simulation, in which the ambient 

air temperature measured at the death scene is applied to the boundary condition. 

Any candidate PMI longer than 0hrs requires one AM simulation as well as at least 

one PM simulation whose initial condition is the solution of the AM simulation. 

More than one PM simulations may be required to test a candidate PMI. In such an 

instance the solution of the preceding PM simulation forms initial conditions of the 

subsequent PM simulation. The historical meteorological data collected as described 

earlier are to be applied to boundary conditions of PM simulations in a sequence that 

tests a candidate PMI in question. A PM simulation may be of any length, provided 

the correct air temperature value from the meteorological record that corresponds to 
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the cooling interval concerned is applied in the boundary condition. Periodic 

differences of air temperature measurements in a meteorological record may require 

several PM simulations whose lengths correspond to the duration of temperature 

measurement in the record. Each periodic temperature value would then be applied 

in the boundary condition of each simulation.  

A last PM simulation in a sequence to test a candidate PMI represents thermal 

equilibration and isotherm measurement using a virtual multipoint axial thermometry 

device. The simulation interval of this final PM simulation must be subtracted from 

that of the preceding PM simulation. The MAT Protocol is schematically depicted in 

Fig. 9.1 where 1hr increments are used and where postmortem axial isotherms are 

measured at the turn of the hour.  
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Fig. 9.1 A schematic representation of the proposed MAT Protocol. AM = antemortem simulation, 
PM = postmortem simulation. The horizontal line represents time and dots represent candidate PMIs. 
The simulation-sequence for each candidate PMI is indicated above each dot. Curved arrows indicate 
direction of simulation solutions as they become initial conditions. Colour-coding represents air 
temperature to be applied in boundary condition. The direction of iteration is left to right.                             

 

 

As can be seen in Fig. 9.1, the number of PM simulations performed when testing a 

candidate PMI increase with the length of the candidate PMI being tested. The 

colour-coding highlighted the unique sequence historical meteorological 

temperatures are applied in PM simulations for candidate PMIs being tested, which 

cannot be applied in another candidate PMI. Practically, however, PM simulations 

can be stacked in the simulation software and ambient temperature settings can be 

simply be reset to the correct sequence to test the next candidate PMI sequence 

without recreating each simulation-sequence from scratch.   

 

The MAT Protocol may be commenced at any candidate PMI and not necessarily 

always at 0hrs, although doing so helps to monitor the comparison trend. Also, the 

time difference between candidate PMIs does not have to be a fixed and may be 

continuously adjusted depending on the proximity of the simulated MAT profile to 

the reference MAT profile. With enough computational resources, the MAT Protocol 

may be implemented simultaneously on multiple computer platforms, wherein a 

simulation-sequence that tests a specific candidate PMI is undertaken by on 

dedicated platform. A match in one platform would thus negate further analyses in 

the other platforms. In such a scenario, platforms would obviously have to be 
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synchronised. Abundant computational resources would shorten not only the 

computational time but also allow for infinitesimally small increments between 

candidate PMIs, significantly increasing temporal resolution of the final predicted 

PMI to the order of seconds. This would be especially true if as many variables 

known to affect postmortem cooling as possible are included in the numerical 

analyses. 

9.2.1 Object-modelling in proposed protocol simulations 

Simulations in the proposed protocol should reflect the probable antemortem and 

postmortem position of the decedent deduced from examination of the death-scene. 

The ground-surface is to be modelled accurately in the simulation environment and 

the appropriate thermophysical properties assigned to it. A representative 3D 

computational phantom must be chosen and positioned on the ground-surface in the 

same manner the decedent’s body was documented at the scene. If the need arises, 

joints of the 3D phantom must be manipulated to pose the phantom in the same 

manner the dead body was discovered. Correct posing would reproduce contact 

points with the ground, allowing heat transfer and shifted isotherm to be accurately 

simulated. Sim4Life® possessed a poser function that positions the underlying rigid 

skeleton by specifying the required orientation at articulated joints. Once a user was 

satisfied with the position of the bones, the poser tool deformed the complete 

anatomical model into the prescribed posture. Fig. 9.2 illustrates various possible 

poses. 
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Fig. 9.2 Various poses achievable using the poser tool of Sim4Life®.  
 

 

 

 

9.3 MAT comparison and death-time estimation 

The MAT profile downloaded from the MAT device should exlude data recorded 

during thermal-equilibration. A virtual MAT device identical to the proposed MAT 

device must constructed in the simulation environment and used to measure 

simulated isotherms from the 3D computational phantom at a comparable anatomical 

site. A simulated MAT profile is compared to the MAT profile measured from the 

body at an unknown PMI, using statistical analysis methods if necessary. The 

candidate PMI whose MAT value matches is regarded as the final PMI estimated by 

the MAT Protocol. 
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9.4 Demonstration of the MAT Protocol 

9.4.1 Circumstances of death 

The ideal gold-standard to demonstrate the MAT Protocol would have been case-

work using recently deceased human body, along with the materials and methods 

described in chapters 6, 7 and 8 of this thesis. However, this was not possible, as 

previously stated in chapter 8, therefore a fictitious scenario was used to demonstrate 

application of the protocol commencing after MAT from a dead body.  

The scenario was as follows: On the morning of Saturday April 22nd 2018 the naked 

body of a 70.2kg, 1.77m tall male had been found hanging by the neck from a tree in 

a wooded area. The body bore marks of non-fatal torture. The global positioning 

system (GPS) coordinates of the body were 40°46’40” N, 73°58’11” W. The MAT 

device was inserted at 11H25 local-time through the proximal aspect of the right 

thigh in the parasagittal plane where the thigh circumference was 50cm. Thermal 

equilibration took 8 minutes (500s) and the final MAT measurement was obtained at 

11H33, whose curve is plotted in Fig. 9.3. A corresponding excel spreadsheet with 

temperatures values and respective sensor numbers was provided. The ambient air 

temperature measured next to the body at 11H33 was 15.1°C. The task was to apply 

the MAT Protocol to estimate the PMI and/or time of death using the information 

provided.   
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Fig. 9.3 The provided MAT curve measured from the right thigh of the dead body at an unknown PMI 
to be used in the MAT Protocol. 
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9.4.2 Pre-analysis preparations 

The first step was to acquire historical meteorological data from the nearest weather 

station using the information provided. A readily available GPS-map desktop 

application (Google Earth) established that the provided GPS coordinates were of a 

densely wooded location in Central Park of New York City in the USA, consistent 

with the information provided. A historical meteorological record of that location for 

April 22nd 2018 was obtained from www.wunderground.com2. The meteorological 

record indicated recording intervals of one hour, 51 minutes into each hour, as 

indicated in Table 9.1.   

 

 

Time Measured air 
temperature 

 
11H51 

 
16.7°C 

10H51 13.9°C 
09H51 12.2°C 
08H51 10.6°C 
07H51 8.9°C 
06H51 7.8°C 
05H51 6.7°C 
04H51 7.9°C 
03H51 8.3°C 
02H51 8.9°C 
01H51 10.0°C 
00H51 11.1°C 

 

Table 9.1 The historical meteorological temperature record of Central Park, 
NYC, USA for 22nd April 2018 applied to the MAT Protocol. 

 

 

 

http://www.wunderground.com/
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The hourly periodic nature of this meteorological record meant that air temperatures 

were not recorded for 59 of the 60 minutes of all hours reflected on the record. The 

MAT Protocol, on the other hand, required air temperatures at times other than those 

provided in the record because TOD was unknown and may be any time. The MAT 

Protocol had to be able to test any candidate PMI/TOD without being restricted by 

unavailability of meteorological data. To overcome this limitations, the ‘per-minute 

rate of temperature change’ within a 1-hour interval in the record was assumed to be 

linear and calculated using the formula: 

𝑅𝑅 =  
𝑇𝑇𝑦𝑦 −  𝑇𝑇𝑥𝑥

𝑡𝑡
,           𝑡𝑡 = 𝑦𝑦 − 𝑥𝑥                                    (9.1) 

where  𝑅𝑅 was the per-minute rate of temperature change between times 𝑥𝑥 and 𝑦𝑦, 𝑇𝑇𝑥𝑥 

was air temperature recorded at time 𝑥𝑥, 𝑇𝑇𝑦𝑦 was air temperature recorded at time 𝑦𝑦, 𝑡𝑡 

was the difference in minutes between times 𝑥𝑥 and 𝑦𝑦 (60 minutes), and time 𝑥𝑥 

existed before time 𝑦𝑦. Table 9.2 indicates per-minute temperature change rates of the 

meteorological record calculated using eqn. 9.1. 
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Time interval 
               (time x) - (time y) 

Per Minute Temperature 
Change Rate (°C/min) 

 
00H51 - 01H51 

 
–0.0183 

01H51 - 02H51  –0.0183 
02H51 - 03H51 –0.01 
03H51 - 04H51 –0.007 
04H51 - 05H51 –0.02 
05H51 - 06H51 +0.0183 
06H51 - 07H51 +0.0183 
07H51 - 08H51 +0.0283 
08H51 - 09H51 +0.0267 
09H51 - 10H51 +0.0283 
10H51 - 11H33 +0.0286 

Table 9.2 Calculated per-minute rates of temperature change  used 
to interpolate air temperature at any arbitrary time within these 
intervals. 

 

To interpolate air temperatures for any arbitrary time within a 1-hour interval in 

Table 9.2, the following equation was used:   

𝑇𝑇𝑤𝑤 = 𝑇𝑇𝑥𝑥  +   𝑅𝑅𝑡𝑡𝑤𝑤,        𝑡𝑡𝑤𝑤 = 𝑤𝑤 − 𝑥𝑥                                   (9.2) 

where 𝑇𝑇𝑤𝑤 was air temperature at arbitrary time 𝑤𝑤, 𝑇𝑇𝑥𝑥 was air temperature at time 𝑥𝑥 

for the 1-hour interval concerned, 𝑅𝑅 was the per-minute rate of temperature change 

for the 1-hour interval concerned, 𝑡𝑡𝑤𝑤 was the number of minutes between time 𝑥𝑥 and 

time 𝑤𝑤, and time 𝑥𝑥 existed before time 𝑤𝑤. Air temperatures interpolated using eqn. 

(9.2) would then be applied in boundary conditions of all AM simulations and used 

to calculate air temperatures of cooling intervals for PM simulations as required by 

the protocol. Cooling intervals for PM simulations were made to be 1-hour long to 

be consistent with the hourly periodicity of the meteorological record and to avoid 

averaged temperature over very long postmortem cooling intervals as discussed in 

earlier chapters.  
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9.4.3 Candidate PMI of 0hrs 

For the candidate PMI of 0hrs, a steady-state simulation that assumed the TOD was 

11H33 was undertaken using the adult male 3D computational phantom Duke. No 

ground-surface was modelled because the body in the given scenario had been found 

hanging from a tree. Joints of the 3D computational phantom were not posed either 

because the body was erect. The ambient temperature value of 15.1°C measured next 

to the body at the time of isotherm thermometry was applied in the boundary 

condition of the AM simulation. The heat transfer coefficient value applied to the 

boundary condition was 9.5 W/m2/K for a vertical cylinder cooling in natural 

convection conditions3. These settings were applied throughout the protocol. The 

simulation interval was set to 9000s, based on experience from chapter 6.  

On completion of the above AM simulation, a 500s-long simulation representing 

postmortem cooling and thermal equilibration during MAT from 11H25 to 11H33 

was carried out. The calculated air temperature at 11H25 using eqn. (9.2) was 

14.872°C, while the measured air temperature at 11H33 was 15.1°C. Therefore, the 

calculated mean air temperature from 11H25 to 11H33 was 14.988°C, which was 

applied to the boundary condition. The virtual MAT device was inserted where the 

phantom’s thigh had a circumference of 50cm. Fig. 9.3 indicates the isotherm curve 

for the candidate PMI of 0hrs plotted with the reference isotherm curve from the 

dead body. The two curves were clearly not match, even without statistical analysis, 

therefore an increment of 1 hour was arbitrarily added to the candidate PMI and the 

protocol was repeated. 
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Fig. 9.4. Comparison of the 0hr candidate PMI isotherm curve with the reference curve 
from the unknown PMI. 
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9.4.4 Candidate PMI of 1hr 

A candidate PMI of 1hr meant that the assumed TOD was 10H33. Using eqn. (9.2), 

the calculated air temperature at 10H33 was 13.389°C, which was applied in the 

boundary condition of the AM simulation whose interval was set to 9000s.  

The solution of the above simulation was applied in initial conditions of 3100s-long 

PM-1 simulation to simulate postmortem cooling between 10H33 and 11H25. The 

calculated air temperature at 11H25 was 14.872°C, therefore the calculated mean air 

temperature between 10H33 and 11H25 was 14.1305°C, which was applied in the 

boundary condition.  

The solution of the above simulation was then applied in initial conditions of the 

500s-long simulation to simulate postmortem cooling and/during thermal 

equilibration between 11H25 and 11H33 during isotherm measurement. The given 

measured air temperature at 11H33 was 15.1°C, therefore the calculated mean air 

temperature of this interval was 14.988°C, which was applied to the boundary 

condition. The virtual MAT device was inserted where the 3D phantom’s thigh had a 

circumference of 50cm. Fig. 9.5 indicates the isotherm curve for the candidate PMI 

of 1hr plotted with the reference isotherm curve from the decedent.  
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The 1hr candidate PMI isotherm curve was slightly more parabolic than that of the 

0hr counterpart, beginning to take a similar form to that of the reference isotherm 

curve but not enough to be a match. Therefore, an increment of 1 hour was 

arbitrarily added to the candidate PMI and the protocol was repeated. 

  

Fig. 9.5. The 1hr candidate PMI isotherm curve plotted with the reference curve from the 
unknown PMI. 
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9.4.5 Candidate PMI of 2hrs 

A candidate PMI of 2hr meant that the assumed TOD was 09H33. Using eqn. (9.2), 

the calculated temperature at 09H33 was 11.789°C, which was applied in the 

boundary condition of the AM simulation whose interval was set to 9000s.  

The solution of the above AM simulation was applied in initial conditions of PM-1 

simulation to simulate postmortem cooling between 09H33 and 10H33. The 

calculated air temperature at 10H33 was 13.389°C, therefore the calculated mean air 

temperature of this interval was 12.589°C, which was applied in the boundary 

condition.  

The solution of the PM-1 simulation was applied in initial conditions of 3100s-long 

PM-2 simulation to simulate postmortem cooling between 10H33 and 11H25. The 

calculated air temperature at 11H25 was 14.872°C, therefore the calculated mean air 

temperature between 10H33 and 11H25 was 14.1305°C, which was applied in the 

boundary condition.  

The solution of the PM-2 simulation was then applied in initial conditions of the 

500s-long simulation to simulate thermal equilibration between 11H25 and 11H33 

during isotherm measurement. The measured air temperature at 11H33 was 15.1°C, 

therefore the calculated mean air temperature 11H25 and 11H33 was 14.988°C, 

which was applied to the boundary condition. The virtual MAT device was inserted 

where the 3D phantom’s thigh had a circumference of 50cm. Fig. 9.6 indicates the 

isotherm curve for the candidate PMI of 2hrs plotted with the reference isotherm 

curve from the decedent.  
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The 2hr candidate PMI isotherm curve was even more parabolic than that of the 1hr 

counterpart, taking more of the form of the reference isotherm curve but not enough 

to be a match. Therefore, an increment of 1 hour was arbitrarily added to the 

candidate PMI and the protocol was repeated. 

 

 

 

 

 

Fig. 9.6. The 2hr candidate PMI isotherm curve plotted with the reference curve from the 
unknown PMI. 
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9.4.6 Candidate PMI of 3hrs 

A candidate PMI of 3hr meant that the assumed TOD was 08H33. Using eqn. (9.2), 

the calculated air temperature at 08H33 was 10.081°C, which was applied in the 

boundary condition of AM simulation whose interval was set to 9000s.  

The solution of AM simulation was applied in initial conditions of the PM-1 

simulation to simulate postmortem cooling between 08H33 and 09H33. The 

calculated air temperature at 09H33 was 11.721°C, therefore the calculated mean air 

temperature between 08H33 and 09H33 was 10.901°C, which was applied to the 

boundary condition.  

The solution the PM-1 simulation was applied in initial conditions of the PM-2 

simulation to simulate postmortem cooling between 09H33 and 10H33. The 

calculated air temperature at 10H33 was 13.389°C, therefore the calculated mean air 

temperature between 09H33 and 10H33 was 12.589°C, which was applied in the 

boundary condition.  

The solution of the PM-2 simulation was applied in initial conditions of 3100s-long 

PM-3 simulation to simulate postmortem cooling between 10H33 and 11H25. The 

calculated air temperature at 11H25 was 14.872°C, therefore the calculated mean air 

temperature between 10H33 and 11H25 was 14.1305°C, which was applied in the 

boundary condition.  
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The solution of the PM-3 simulation was then applied in initial conditions of the 

500s-long simulation to simulate thermal equilibration between 11H25 and 11H33 

during isotherm measurement. The measured air temperature at 11H33 was 15.1°C, 

therefore the calculated mean air temperature between 11H25 and 11H33 was 

14.988°C, which was applied to the boundary condition. The virtual MAT device 

was inserted where the 3D phantom’s thigh had a circumference of 50cm. Fig. 9.7 

indicates the isotherm curve for the candidate PMI of 3hrs plotted with the reference 

isotherm curve from the decedent.  

 

 

 

 

 

Fig. 9.7. The 3hr candidate PMI isotherm curve plotted with the reference curve from the 
unknown PMI. 
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The 3hr candidate PMI isotherm curve was even more parabolic than those of 0hr, 

1hr and 2hr candidate PMIs, but not enough to be a match. Therefore, an increment 

of 1 hour was arbitrarily added to the candidate PMI and the protocol was repeated. 
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9.4.7 Candidate PMI of 4hrs 

A candidate PMI of 4hr meant that the assumed TOD was 07H33. Using eqn. (9.2), 

the calculated air temperature at 07H33 was 8.569°C, which was applied in the 

boundary condition of the antemortem simulation whose interval was set to 9000s.  

The solution of the above simulation was applied in initial conditions of the PM-1 

simulation to simulate postmortem cooling between 07H33 and 08H33. The 

calculated air temperature at 08H33 was 10.089°C, therefore the calculated mean air 

temperature between 07H33 and 08H33 was 9.329°C, which was applied to the 

boundary condition.  

The solution of the above simulation was applied in initial conditions of the PM-2 

simulation to simulate postmortem cooling between 08H33 and 09H33. The 

calculated air temperature at 09H33 was 11.721°C, therefore the calculated mean air 

temperature between 08H33 and 09H33 was 10.905°C, which was applied to the 

boundary condition.  

The solution of the PM-2 simulation was applied in initial conditions of the PM-3 

simulation to simulate postmortem cooling between 09H33 and 10H33. The 

calculated air temperature at 10H33 was 13.389°C, therefore the calculated mean air 

temperature between 09H33 and 10H33 was 12.589°C, which was applied in the 

boundary condition.  

The solution of the PM-3 simulation was applied in initial conditions of 3100s-long 

PM-4 simulation to simulate postmortem cooling between 10H33 and 11H25. The 

calculated air temperature at 11H25 was 14.872°C, therefore the calculated mean air 
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temperature between 10H33 and 11H25 was 14.1305°C, which was applied in the 

boundary condition.  

The solution of PM-4 simulation was then applied in initial conditions of the 500s-

long simulation to simulate thermal equilibration between 11H25 and 11H33 during 

isotherm measurement. The measured air temperature at 11H33 was 15.1°C, 

therefore the calculated mean air temperature between 11H25 and 11H33 was 

14.988°C, which was applied to the boundary condition. The virtual MAT device 

was inserted where the 3D phantom’s thigh had a circumference of 50cm. Fig. 9.8 

indicates the isotherm curve for the candidate PMI of 4hrs plotted with the reference 

isotherm curve from the decedent.  

                                     

  

Fig. 9.8. The 4hr candidate PMI isotherm curve plotted with the reference curve from the 
unknown PMI. 
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The 4hr candidate PMI curve was very similar to the reference curve but did not 

align perfectly with it. Therefore, an increment of 1 hour was arbitrarily added to the 

candidate PMI and the protocol was repeated. 
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9.4.8 Candidate PMI of 5hrs 

A candidate PMI of 5hr meant that the assumed TOD was 06H33. Using eqn. (9.2), 

the calculated air temperature at 06H33 was 7.4686°C, which was applied in the 

boundary condition of the AM simulation whose interval was set to 9000s.  

The solution of the AM simulation was applied in initial conditions of the PM-1 

simulation to simulate postmortem cooling between 06H33 and 07H33. The 

calculated air temperature at 07H33 was 8.5686°C, therefore the calculated mean air 

temperature between 06H33 and 07H33 was 8.0186°C, which was applied to the 

boundary condition.  

The solution of the PM-1 simulation was applied in initial conditions of the PM-2 

simulation to simulate postmortem cooling between 07H33 and 08H33. The 

calculated air temperature at 08H33 was 10.089°C, therefore the calculated mean air 

temperature between 07H33 and 08H33 was 9.329°C, which was applied to the 

boundary condition.  

The solution of the PM-2 simulation was applied in initial conditions of the PM-3 

simulation to simulate postmortem cooling between 08H33 and 09H33. The 

calculated air temperature at 09H33 was 11.721°C, therefore the calculated mean air 

temperature between 08H33 and 09H33 was 10.905°C, which was applied to the 

boundary condition.  

The solution of the PM-3 simulation was applied in initial conditions of the PM-4 

simulation to simulate postmortem cooling between 09H33 and 10H33. The 

calculated air temperature at 10H33 was 13.389°C, therefore the calculated mean air 
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temperature between 09H33 and 10H33 was 12.147°C, which was applied in the 

boundary condition.  

The solution of the PM-4 simulation was applied in initial conditions of 3100s-long 

PM-5 to simulate postmortem cooling between 10H33 and 11H25. The calculated air 

temperature at 11H25 was 14.872°C, therefore the calculated mean air temperature 

between 10H33 and 11H25 was 14.1305°C, which was applied in the boundary 

condition.   

The solution of the PM-5 simulation was then applied in initial conditions of the 

500s-long simulation to simulate thermal equilibration between 11H25 and 11H33 

during isotherm measurement. The measured air temperature at 11H33 was 15.1°C, 

therefore the calculated mean air temperature between 11H25 and 11H33 was 

14.988°C, which was applied to the boundary condition. The virtual MAT device 

was inserted where the 3D phantom’s thigh had a circumference of 50cm. Fig. 9.9 

indicates the isotherm curve for the candidate PMI of 5hrs plotted with the reference 

isotherm curve from the decedent.  
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For the first time in this protocol, the isotherm curve of this candidate PMI had 

consistently lower temperatures than the reference isotherm curve, i.e. divergence. 

This indicated that a matching candidate PMI was shorter than 5hrs but longer than 

4hrs. The divergence prompted refinement of the protocol’s comparative procedure, 

characterised by stepwise reduction of the added increments to intervals shorter than 

1 hour, followed by resumption of the protocol. 

  

Fig. 9.9A. The 5hr candidate PMI isotherm curve plotted with the reference curve from 
the unknown PMI. 
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9.4.9 Refined Isotherm Curve Comparison 

Because of the divergence, the added time increment was reduced from being 1hr to 

being10 minutes. The protocol was then resumed to test candidate PMIs 4hrs10mins, 

4hrs20mins, 4hrs30mins, 4hrs40mins and 4hrs50mins. Times of death, air 

temperatures at death and air temperatures during postmortem cooling intervals were 

established for each candidate PMI as described in the previous sections.  

 

9.4.9.1 Candidate PMI of 4hrs10mins 

The candidate PMI of 4hrs10mins produced an isotherm curve whose temperatures 

were higher than the reference curve. This indicated that the target PMI was longer 

than 4hrs10mins but less than 5hrs and the protocol was continued to the next 

candidate PMI. Fig. 9.10 indicates the isotherm curve of this candidate PMI plotted 

with the reference curve. A matching PMI was expected to produce an isotherm 

curve identical to the reference isotherm curve from the decedent. In other words, a 

temperature difference curve between the two would be a zero straight-line curve. 

Fig. 9.10 indicates higher candidate PMI isotherm temperatures than the reference 

curve, which implied that 4hrs10mins was not a match. 
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Fig. 9.10. The 4hr10min candidate PMI isotherm curve plotted with the reference curve 
from the unknown PMI. 
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9.4.1.2 Candidate PMI of 4hrs20mins 

The candidate PMI of 4hrs20mins produced an isotherm curve whose temperatures 

were higher than the reference curve. This indicated that the target PMI was longer 

than 4hrs20mins but less than 5hrs and the protocol was continued to the next 

candidate PMI. Fig. 9.11 indicates the isotherm curve of this candidate PMI plotted 

with the reference curve. 

 

 

 

 

 

 

 

 

 

 

Fig. 9.11. The 4hr20min candidate PMI isotherm curve plotted with the reference curve 
from the unknown PMI. 
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9.4.1.3 Candidate PMI of 4hrs30mins 

The candidate PMI of 4hrs30mins produced an isotherm curve whose temperatures 

were higher than the reference curve. This indicated that the target PMI was longer 

than 4hrs30mins but less than 5hrs and the protocol was continued to the next 

candidate PMI. Figs. 9.12 indicates the isotherm curve of this candidate PMI plotted 

with the reference curve.  

 

 

 

 

 

 

Fig. 9.12. The 4hr30min candidate PMI isotherm curve plotted with the reference curve 
from the unknown PMI. 
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9.4.1.4 Candidate PMI of 4hrs40mins 

The candidate PMI of 4hrs40mins produced an isotherm curve whose temperatures 

were higher than the reference curve. This indicated that the target PMI was longer 

than 4hrs40mins but less than 5hrs and the protocol was continued to the next 

candidate PMI. Fig. 9.13A indicates the isotherm curve of this candidate PMI plotted 

with the reference curve. The two curves were almost identical, but the candidate 

curve showed higher temperatures than the reference. Fig. 9.13B indicates the 

temperature difference between the simulated and reference isotherm values. 

 

 

 

 

 

 

Fig. 9.13A. The 4hr40min candidate PMI isotherm curve plotted with the reference curve 
from the unknown PMI. 
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Fig. 9.13B. Divergence of the 4hr40min candidate PMI isotherm curve as indicated by the 
negative difference relative to the reference curve. 
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9.4.1.5 Candidate PMI of 4hrs50mins 

The 4hr50min candidate PMI showed new divergence from the reference isotherm 

curve in which the candidate PMI isotherm temperatures were consistently lower 

than reference curve temperatures. This suggested that the matching candidate PMI 

was shorter than 4hr50min but longer than 4hr40min. Fig. 9.14A indicates the 

isotherm curve of the candidate 4hr50min PMI plotted with the reference curve. The 

two were almost but not quite identical, as the candidate PMI curve indicated lower 

temperatures than the reference isotherm curve. The difference between the two 

(candidate PMI temperatures subtracted from corresponding unknown PMI 

temperature) is plotted separately as a curve in Fig. 9.14B. It shows the temperature 

difference in the negative range, indicating divergence. 
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Fig. 9.14A. The 4hr50min candidate PMI isotherm curve indicating lower temperatures 
compared to the reference curve from the unknown PMI. 

Fig. 9.14B. Divergence of the 4hr50min candidate PMI isotherm curve as indicated by the 
negative difference relative to the reference curve. 
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Because of the divergence, the added time increment was further reduced from 10 

minutes to 2 minutes and the protocol was resumed from the 4hrs40mins candidate 

PMI to test candidate PMIs 4hr42mins, 4hr44mins, 4hr46mins, and 4hr48mins. 

Times of death, air temperatures at death and air temperatures during postmortem 

cooling intervals were established for each candidate PMI as described in the 

previous sections.  

 

9.4.1.6 Candidate PMI of 4hrs42mins 

The 4hrs42mins candidate PMI produced an isotherm curve whose temperatures 

were very slightly higher than the reference curve. This indicated that the target PMI 

was longer than 4hrs40mins but less than 4hrs50min, therefore the protocol was 

continued to the next candidate PMI. Figs. 9.15A indicates the isotherm curve of this 

candidate PMI plotted with the reference curve. The two curves are nearly identical, 

but have differences plotted as a curve in Fig. 9.15B. 
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Fig. 9.15A. The 4hr42min candidate PMI isotherm curve plotted with the reference curve 
from the unknown PMI. 

Fig. 9.15B. The magnified temperature difference curve between the 4hr42min candidate 
PMI isotherm curve and the reference curve from the unknown PMI. 
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9.4.1.7 Candidate PMI of 4hrs44min 

The candidate PMI of 4hrs44min produced an isotherm curve that matched the 

reference isotherm curve exactly, with all corresponding curve temperatures 

matching to the fifth decimal, i.e. their difference was 0.00000°C. Fig. 9.16A 

indicates the isotherm curve of this candidate PMI plotted with the reference curve, 

while Fig. 9.16B indicates the plotted difference between the two curves. In the 

scenario provided, 4hrs44min would thus be regarded as the final PMI estimation 

determined by the MAT Protocol, making 06H49 on April 22nd 2018 the time and 

date of death. The protocol would therefore be terminated at this point. Table 9.3 

summarises the proposed protocol used for the candidate PMI of 4hrs44min. 

 

 

Fig. 9.16A. The matching 4hr44min candidate PMI isotherm curve plotted with the reference 
curve from the unknown PMI. 
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Fig. 9.16B. The magnified temperature difference curve between the 4hr44min candidate 
PMI isotherm curve and the reference curve from the unknown PMI. 
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             Fig. 9.17 A flow-diagram summarising general application of the MAT Protocol. 
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9.6 Discussion  

9.6.1 Meteorological Data  

A meteorological record of high temporal resolution, typically per minute, would 

evidently have been ideal to allow the MAT Protocol to simulate postmortem 

cooling from any arbitrary candidate TOD. In the absence of such a record, a simple 

interpolation technique had to be devised based on an assumption. Interpolation of 

climate data, especially over variable time intervals, is a complex science beyond the 

scope of this thesis4. In the end, the only data source to available to work with was 

the meteorological record provided, and the interpolation method was thought to 

have derived the most probable air temperature values that existed during 

postmortem cooling. Effects on skin of forced convective cooling by wind, 

meteorological condensation, solar radiation, and meteorological precipitation were 

omitted for the sake of simplifying the demonstration. 

9.6.2 Iterative Comparison 

One-hour increments applied at the beginning of the protocol were chosen 

arbitrarily, and an increment of any length may have been chosen. The obvious 

optimal increment length would be the correct PMI estimate, which would then 

negate further simulations and iterative comparisons. Divergence of the simulated 

from the reference isotherm curve signalled the need for reduction of the additive 

increment, after which iterative comparison had to be resumed. As the additive 

increment became smaller, so did the difference between simulated and reference 

MAT curves. The interval in which an isotherm match was likely to be found 
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became shorter each cycle of additive increment reduction until only one candidate 

PMI produced a match. The data provided in the scenario could not be applied in any 

other simulation setup to produce a matching isotherm curve whose PMI was not 

4hrs44min.  

Accuracy of the final PMI estimate relative to the true PMI in the physical world 

would depend on the veracity of all pre-simulation data used in the MAT Protocol, 

as well as on the accuracy of numerical simulation materials and methodologies in 

representing the postmortem cooling conditions of a given case in the physical 

world. The PMI estimate demonstrated by the proposed protocol in the scenario is 

based upon the assumption that the temperature field of the body at death was equal 

to that simulated in the 3D phantom. The actual temperature field of a body at the 

time of death cannot be definitively known. Among others, this is a critical 

assumption that renders all thermometric PMI estimation methods circular. A priori 

knowledge of initial conditions, the solution being sought by AM simulations, are 

not known; they are therefore assumed. These factors, therefore, are the ones that 

constitute sources of uncertainty of the proposed protocol and are discussed 

separately in chapter 10.  
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9.7 Conclusions 

9.7.1 The proposed MAT Protocol approximated antemortem temperature 

distribution of the entire body and did not use a single-point approximated 

‘normal’ value. The protocol did not assume that the approximated 

antemortem body temperature was always the same under different ambient 

temperatures, as empiric methods do. Instead, antemortem body temperatures 

were approximated for each candidate PMI because air temperatures that 

existed as the respective candidate TODs differed. As suggested in chapter 6, 

the antemortem activity of each body may be approximated and antemortem 

body temperature distribution approximated using specific tissue parameters 

for metabolic heat generation and blood perfusion rates unique to it. 

9.7.2 In ideal conditions the proposed protocol could eliminate all candidate PMIs, 

even those that were within the 3D computational phantom’s known PMTP 

of 3hr51min (chapter 7), something empiric methods are incapable of. The 

proposed protocol did not require the PMTP value of the body found dead to 

be solved for. 

9.7.3 The proposed MAT Protocol applied historical meteorological record that 

existed only during the final estimated PMI and in the correct chronological 

sequence. It did not require a TOD estimate as a priori for averaging 

historical meteorological air temperatures thanks to its iterative testing and 

elimination of multiple candidate PMIs. 

9.7.4 The proposed MAT Protocol was independent of uncertainty from 

thermometry-depth variation because the MAT automatically consisted of 
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multiple simultaneous temperature measurements from multiple depths 

across the thigh.  

9.7.5 The proposed protocol did not require an empiric method of death-time 

estimation for validation. In fact, comparison of the protocol’s final PMI 

estimate against one that would have been estimated by, for example, the 

Henβge nomogram method was not possible without thermometry-depth of 

the simulated rectal temperature to make a comparison with being specified 

and justified over another thermometry-depth. Also, the nomogram method 

would have provided a range within which the PMI estimate may be, as 

demonstrated in chapter. 

9.7.6 The effect of central isotherm shifting by ground surfaces was not applicable 

in the provided postmortem cooling scenario and was therefore not 

demonstrated. Nonetheless, the proposed protocol would have successfully 

reproduced the effect and avoided uncertainty of using a single-point core 

temperature measurement affected by the shift. 

 

The MAT Protocol was therefore regarded as having fulfilled the core aims of 

this thesis set out in chapter 4. 
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Chapter 10 

Sources of uncertainty and limitations 
 

The proposed  MAT Protocol is a complex method that involves measurement of 

new death scene parameters (body position, thermophysical properties of the 

ground), MAT, use of high-definition virtual 3D computational phantoms with 

multiplicity of organs, high temporal resolution historical meteorological data, 

multiple simulation-sequences that apply multiple parameters, and iterative 

comparative analysis. All these present potential sources of uncertainty that must be 

quantified to allow proposal of mitigating strategies. This chapter discusses known 

potential sources of uncertainty as far as could be discerned from studies in this 

thesis. The demonstration of the MAT Protocol in chapter 9 was intended only as 

an initial concept proposal and not a comprehensive critical analysis of the 

protocol. 

The choice of materials and methods with which the MAT Protocol will be applied 

in the future may differ from those used in this thesis. For example, one may wish 

to use 3D computational phantoms built from CT scans, and/or that have a lower 

(or higher) resolution, and/or that have a lower (or higher) number of organ-

segmentation than those used in this thesis; one may choose to use the finite-

element method instead of the finite-difference time-domain method; and one may 

use a thermal solver other than Sim4Life®. Each combination will be characterised 

by a unique set of uncertainties, while other sources of uncertainty were not 

immediately obvious at the time of writing of this thesis but may become obvious 
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in the future. The following were potential sources of uncertainty of the MAT 

Protocol that could be predicted as informed by experience gained in this thesis.  
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10.1 Anthropometric incomparability of a selected 3D computational phantom  

As diverse as the Virtual Family 3D computational human phantoms may be, they 

are not representative of every corpse. Variations in normal anatomy and 

anthropometric parameters among the general population will be a source of 

uncertainty. The correlation between PMTP length and circumference of a body 

part/limb demonstrated in this thesis means that anthropometric discrepancies 

between a decedent’s body and the 3D computational phantom selected for the 

MAT Protocol would result in an incorrect PMI estimation. An error analysis of 

this variable was precluded by time constraints required in the executing the MAT 

Protocol. 
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10.2 Approximation of antemortem body temperature during physical exertion 

Numerical approximation of antemortem body temperature performed in this thesis 

applied mean values of biothermal parameters. In the living human body these 

parameters fluctuate through a wide range as a result of physical activity, 

environment-related thermoregulation, emotional state, and pathology states. 

Postmortem cooling preceded by intense physical exertion will proceed differently 

from postmortem cooling after death during peaceful sleep. Inaccurate 

representation of physical exertion of a given body in the AM simulation may lead 

to inaccurate approximation of antemortem body temperature, and hence 

uncertainty of the PMI estimated by the MAT Protocol. An error analysis of 

approximation of antemortem body temperature during physical exertion was 

precluded by time constraints required in the executing the MAT Protocol. 
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10.3 Absence of thermoregulatory mechanism in 3D computational phantoms 

The AM simulation used in the MAT Protocol did not have a thermoregulation 

mechanism to mimic sweating, vasodilatation, vasoconstriction and shivering 

normally used by the body to maintain core temperature within a narrow range. 

Blood flow, as far as it distributes heat around the body, was not explicitly solved 

for velocity and temperature, which probably resulted in low predicted cardiac 

blood temperatures observed in chapter 7. Some bioheat models used in human 

thermal comfort in the built environment, e.g. by Stolwijk1, Fiala et al2 and 

Huizenga et al3, do model thermoregulation. However, internal anatomical fidelity 

of their 3D computational phantoms is generally low and does not meet the 

requirements of the MAT Protocol. An error analysis of this variable was precluded 

by non-availability of modelling thermoregulation methods in this thesis. 
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10.4 The heat transfer coefficient value used 

The heat transfer coefficient value applied to the boundary condition should be that 

of the specific posture of the body recorded at the death scene4. This thesis 

determined that the heat transfer value applied influences how parabolic the MAT 

curve is. Higher heat transfer coefficient values created more parabolic MAT 

curves. Postmortem cooling may not always occur in natural / unforced convective 

conditions. Forced convective cooling by wind would require higher heat transfer 

coefficient values to be used. Use of an inappropriate heat transfer coefficient value 

may lead to under- or overestimation of heat transfer on the 3D computational 

phantom’s skin, and thus uncertainty of the MAT Protocol. An error analysis of this 

variable was precluded by time constraints required in the executing the protocol. 
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10.5 Tissue thermophysical and biophysical values 

Difference between a decedent body’s true tissue parameters and those assigned to 

the selected 3D computational phantom is a source of uncertainty inherent to 

numerical analysis of postmortem cooling. Weiser et al5 discussed uncertainty of 

death-time estimation arising from variations in tissue material parameters that 

presumably remain constant in life and during postmortem cooling. This thesis 

applied additional new biothermal tissue parameters that vary significantly in life 

depending on a number of factors, to approximate antemortem body temperature 

distribution. Application of biothermal parameters that do not correspond to those 

that existed in a decedent’s body in life when approximating antemortem body 

temperature distribution may constitute a source of uncertainty in the PMI 

estimated by the MAT Protocol. 

This thesis proposes that the pathologist who wishes to apply the MAT Protocol 

should first visit the death scene and make an approximation of the activity a 

decedent was undertaking immediately before death. The metabolic equivalent rate 

of that activity should be referenced from the literature6 and proportionately applied 

to the 3D phantom’s organs according to the degree of their metabolic involvement 

in the approximated antemortem activity. 

An error analysis of variation in organ metabolic heat generation and blood 

perfusion rates on approximated body temperature at death was precluded by time 

constraints required in the executing the MAT Protocol. 
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10.6 Grid size 

The size and spacing of the grid affect the simulation solution. Increasing the 

number of elements in a computational geometry is advisable until a mesh 

independent solution is achieved7,8. The commercial thermal solver of Sim4Life® 

used in this thesis was designed to be automatically mesh-independent when used 

with the ViP 3D computational phantoms9, therefore the effect of a mesh dependent 

solution could not be demonstrated and its error margin could not be analysed in 

this thesis. Mesh-independence would need to be demonstrated by any numerical 

analysis scheme applying the MAT Protocol. 

 

  



252 
 

10.7 Historical meteorological record 

A continuous (second-by-second) historical meteorological record would be ideal 

for application in the MAT Protocol, to avoid errors associated with the 

mathematical operations used to interpolate minute-to-minute air temperatures from 

the record. Distance of the death-scene from a weather station whose data is used in 

the MAT Protocol, plus the potential difference with the local microclimate around 

the dead body are potential sources of uncertainty.  
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10.8 Differences in multipoint thermometry device 3-axis orientation 

The physical and virtual MAT devices used in the MAT Protocol must have 

identical 3-axis orientation, otherwise any differences will result in non-

comparability of the respective MAT curves. A MAT device inserted into the body 

at an angle other than 90° to the skin would not pass through the central isotherm 

and would therefore have a lower maximum temperature value and thus a non-

representative shape. An error analysis of this variable was precluded by time 

constraints required in the executing the MAT Protocol.  
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10.9 The multipoint thermometry device instrument error 

Instrument error of a MAT device needs to be known. Instrument error analysis 

methods10 in health sciences have been proposed by authors. The MAT device and 

its sensors need to have been validated, verified, and calibrated before 

thermometry. The MAT computational model must be identical to the physical 

device in geometry and material properties, otherwise small differences may be a 

source of uncertainty. An error analysis of this variable was precluded by non-

availability of an alternative MAT device with which to perform MAT. 
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10.10 Thermophysical properties of the ground-surface 

Thermophysical properties of the ground-surface applied in the MAT Protocol 

needs to be verified. Temperature of the ground surface may be assumed to be at 

equilibrium with prevailing ambient air temperature. Failure to correctly model the 

ground surface or to assign correct material properties may result in uncertainty 

depending on difference magnitude with the physical world. As an example, Table 

10.1 indicates material properties11,12,13,14,15,16 of wood and stainless-steel, two 

common ground-surfaces on which postmortem cooling occurs. The differences 

would obviously affect the rate of postmortem cooling by thermal conduction. An 

error analysis of using incorrect surface thermophysical parameters, incorrect 

surface temperature or non-modelling of the ground-surface was precluded by time 

constraints required in the executing the MAT Protocol. 

 

Material Density 
(kg/m3) 

Thermal conductivity 
[W/(mK)] 

Specific heat capacity 
(J/kg C°) 

Wood 850 0.147 1850 
Stainless- steel 8000 14.4 490 

Table 10.1 indicating material properties for wood and stainless-steel. 

 

  



256 
 

10.11 General human errors during data-handling 

Although many functions of Sim4Life® and P-Thermal® were automated, the 

MAT Protocol consisted of multiple iterations that involved thousands of manual 

steps, which required impeccable operator concentration. The potential for 

uncertainty resulting from human-error existed, which must be mitigated. The MAT 

Protocol can be programmed to operate as a computer software application, which 

is regarded as a cognitive product17,18. Human error is regarded as a primary cause 

of software defects, and human error analysis is a field that plays a key role in the 

understanding and prevention of software defects. Human error analysis methods in 

software engineering have been proposed 19 by authors. Automation of the MAT 

Protocol within the numerical analysis software was possible via the software’s 

scripting function using PYTHON coding language. 
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10.12 Length of PM simulations 

The correct simulation interval of a postmortem simulation in the MAT Protocol 

ensures representative exposure of the 3D computational phantom to the 

appropriate air temperature over the correct time interval consistent with actual 

postmortem cooling conditions. Availability of higher resolution historical 

meteorological data would enable shorter postmortem interval simulations without 

increasing the overall computational time. The increased number of simulations 

carries the risk of increased human error.  
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Chapter 11 

Summary and conclusions 
 

This thesis represents a continuum of work by the author to contribute in improving 

accuracy of death-time estimation. This chapter discusses summary and conclusions 

reached in the course of the thesis, as well as future implications of the proposed 

MAT Protocol and proposed MAT device for the science of death-time estimation. 

11.1  Summary and conclusions 

11.1.1 Application of a single-point approximation of antemortem body 

temperature used by empiric methods of death-time estimation today 

misrepresents total-body temperature and result in uncertainty of death-time 

estimation. 

11.1.2  Numerical simulation offers more realistic approximation of antemortem 

body temperature distribution compared to a single-point approximation. 

11.1.3 Application of 3D computational phantoms that have high anatomical 

fidelity offers more realistic representation of the human body and 

representative numerical approximation of body temperature at death. 

11.1.4 Application of metabolic and blood perfusion rates to organs of a 3D 

computational phantom is proposed for numerical approximation of 

antemortem body temperature distribution. 
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11.1.5 Future work on approximation of antemortem body temperature distribution 

could incorporate thermoregulation and approximation of antemortem 

activity. 

11.1.6 The thesis proposes separation of approximation of antemortem body 

temperature distribution from numerical simulation of postmortem cooling. 

11.1.7 A single-point postmortem core temperature measurement as required by 

empiric methods of death-time estimation detects the temperature of the 

central isotherm, which is not PMI specific. 

11.1.8 The PMTP is the central isotherm that exists in life. It can be demonstrated 

without simulating supravital heat production in the intermediary stages of 

life. The PMTP is an unfortunate manifestation of single-point thermometry. 

11.1.9 The postmortem location of the central isotherm is influenced by 

temperature and thermophysical properties of the ground-surface of 

postmortem cooling. 

11.1.10 A ground-surface of postmortem cooling may not always be an infinite heat-

sink because heat transfer with it results in its temperature change, which 

affects subsequent heat transfer rates of the body. 

11.1.11 Postmortem heat transfer occurs from the body to a heated floor of 25°C in 

the early PMI.   

11.1.12 Postmortem single-point core thermometry requires standardisation of 

relative thermometry-depth, otherwise thermometry-depth variations are a 

source of uncertainty. 
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11.1.13 The postmortem axial thermal profile of the body may be specific for the 

PMI at which it is measured. 

11.1.14 MAT measures the axial thermal profile of a body and eliminates 

uncertainties of single-point thermometry in death-time estimation discussed 

in this thesis. 

11.1.15 MAT is possible using the proposed MAT device. 

11.1.16 The MAT curve from a cooling body (torso or limb) has a parabolic shape. 

11.1.17 The proposed MAT Protocol avoids pitfalls of single-point thermometry by 

iteratively comparing the MAT profile from a dead body against the 

simulated MAT profiles from numerical simulations of increasingly longer 

candidate PMIs, whereupon the simulated candidate PMI that produces a 

matching MAT profile is considered the final PMI estimate.  

11.1.18 The proposed MAT Protocol applies high-fidelity 3D computational 

phantoms whose anthropometric parameters approximate those of a dead 

body. 

11.1.19 The proposed MAT Protocol approximates antemortem body temperature 

on 3D computational phantoms.  

11.1.20 The proposed MAT Protocol models ground-surfaces using material 

properties according to death-scene observations. 

11.1.21 MAT in the proposed MAT Protocol ensures that effects of modelled 

ground-surface on the position of the central isotherm are detected. 
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11.1.22 The proposed applies exact historical meteorological air temperature that 

existed during the final estimated PMI, and in the correct chronological 

sequence without requiring the TOD as a priori. 

11.1.23 Data, materials, and methods used in the application of the proposed MAT 

Protocol collectively constitute sources of uncertainty of the protocol.  

11.1.24 The proposed MAT Protocol and proposed MAT device have the potential 

to extend numerical thanatochronometry beyond the state-of-the-art through 

their continued refinement and extended application.  
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11.2 Implication for the science of death-time estimation  

By reducing of single-point thermometry uncertainties, the MAT Protocol extends 

the scope of numerical death-time estimation and builds on the work of previously 

mentioned authors in this field. The scope of future research opportunities inspired 

by it, many of which have already been mentioned in the thesis, is vast. This 

chapter presents a few of such opportunities, which the authors regards as priority 

research areas. 

 

11.2.1 Non-invasive full-body postmortem thermometry  

Non-invasive postmortem thermometry methods are always attractive because a) 

they do not require the medical examiner at the death scene to carry any surgical 

instruments or sharps-containers, b) they do not cause postmortem artefacts in the 

body that may present difficulties with interpretation of autopsy findings later at the 

mortuary, c) family members find them more appealing as they result in less 

postmortem incisions on the body of their loved ones. Non-invasive postmortem 

thermometry is a concept attempted by Al-Alousi and Anderson1,2 with mixed 

results, which the author thinks were due to shallow/variable thermometry-depth of 

their microwave method. Magnetic resonance thermal imaging (MRtI)3 has the 

ability to measure temperature of a desired organ during MRI scanning and is a 

promising tool for performing total-body postmortem thermometry for application 

in the MAT Protocol. 
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However, an MRtI scanner is a large, immobile, specialised piece of equipment for 

use in strictly regulated environments, usually a specialist medical facility. The 

decedent’s body would either have to be transported to the medical facility, or the 

MRtI unit would have to be brought to the death-scene in a suitable vehicle, e.g. a 

truck. A more compact and portable version that could be carried by one or two 

people and that could be placed directly over the decedent’s body without 

disturbing it would be ideal. The non-invasive method of death-time estimation by 

Wilk et al4 is limited to surface skin temperature and does not address internal axial 

isotherm measurement. 
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11.2.2 Death-scene 3D scanning and reconstruction 

3D scanning of a death scene would assist with high-fidelity virtual reconstruction 

and modelling of the postmortem cooling environment for application in the MAT 

Protocol. Precise geometric shapes, physical dimensions and relative distances of 

all objects involved in the postmortem heat transfer process can be documented by 

3D scanning. In particular, this tool would enable documentation of: 

 Body position (prone, supine, lateral),  

 Body posture (joint angle and joint rotation), 

 Body anthropometry, allowing for more realistic selection and 

representative posing of a 3D computational phantom.  

 Ground-surface texture, e.g. rough asphalt vs smooth ceramic tile, thereby 

allowing high-fidelity modelling. 

 Body coverings, e.g. clothing or bedding, along with their natural folds and 

creases, allowing their high-fidelity modelling. 

 Nearby sources of thermal radiation, e.g. convection heaters and air-

conditioning units, and their distances from the body.  

 

Handheld and tripod-mounted 3D scanning techniques are described for application 

in a number of forensic investigations, e.g. virtual crime scene reconstruction5,6,7,8. 
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11.2.3 Numerical modelling of clothing  

Clothing and coverings obviously play a significant role as insulators of heat 

transfer from the body, and by accelerating heat transfer from the skin when 

wet/moist. While empiric methods of death-time estimation such as the Henβge  

Rectal Temperature Nomogram method9 apply corrective factors for clothing, 

current numerical methods have to simulate clothing on top of 3D computational 

phantoms. However, such modelling is still simplistic and of low 3D realism10,11. 

More realistic12 and robust13 methods of simulating clothing are described in the 

literature and would enable more representative numerical modelling of the body, 

especially when used along high resolution death scene 3D scan data of folds, 

creases, fabric weave pattern and fabric thickness as a guide. Wetness, moisture and 

water/water-vapour permeability12 are additional physical characteristic of clothing 

that affect heat transfer from the skin, which would require numerical simulation.   
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11.2.4 Numerical simulation of airflow using CFD  

Numerical simulations conducted in this thesis were for so-called unforced/natural 

convection in which the driving force is gravity, and air flow velocity on the skin is 

assumed to be negligible. However, airflow of wind results in forced/assisted 

convection. The Henβge  rectal temperature nomogram method9 applies corrective 

factors to address the effect of air flow affecting postmortem cooling. As it is, the 

nomogram method is unable to apply windspeed measurements that are usually part 

of the historical meteorological record. To date there is no record of a numerical 

method of death-time estimation that applies CFD to simulate natural or forced-

convective airflow. The study by Wilk et al4 did not explicitly state how they 

simulated airflow on their 3D computational phantom. CFD simulation of airflow 

on a 3D computational phantom during simulated postmortem cooling requires 

coupling of the CFD software with the thermal solver modelling heat transfer in the 

3D computational phantom14. The method of modelling clothing by Barry and 

Hill12 was coupled with CFD and allowed simulation of air flow over simulated 

clothing to illustrate its effect on the body. Modelling airflow during postmortem 

cooling using CFD would thus extend application of the historical meteorological 

record as described in the MAT Protocol. 
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11.2.5 Wind-speed-adjusted heat transfer coefficients  

In the absence of CFD, the forced convection heat transfer coefficient in air for air 

velocities from 2 ms–1 to 20 ms–1 can be calculated using the empirical equation15: 

ℎ𝑐𝑐 = 12.12 − 1.16𝑣𝑣 + 11.6𝑣𝑣1 2⁄                                                  11.1 

where ℎ𝑐𝑐 is the heat transfer coefficient (W/m2°C), 𝑣𝑣 is the relative speed between 

the object surface (the decedent’s body) and air (ms–1). Using Eqn. (11.1) would 

allow calculation of heat transfer coefficients to be applied in the MAT Protocol 

using wind speed measurements from the meteorological record.  
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11.2.6 Improved anatomical fidelity of 3D computational phantoms to decedents  

Any preselected 3D computational phantoms from the Virtual Population used in 

the MAT Protocol will almost certainly differ in anatomical exactness to a given 

decedent’s body due to natural variability. This is true even for the human subjects 

whose bodies were originally scanned to create the phantoms because of ageing-

related changes since MRI scanning. Therefore, a method of creating ‘bespoke’ 3D 

computational phantoms from MRI scans of a decedent’s own body using ultra-

rapid anatomical segmentation algorithms similar to those used by Gosselin et al16 

in developing the Virtual Population phantoms would ensure anatomical 

consistency and true anatomical difelity of the 3D computational phantom. The 

MRtI scanning technique suggested earlier for total-body thermometry is the 

obvious candidate for this purpose.  
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11.2.7 Reduction of the PROPOSED Protocol computational time 

The MAT Protocol demonstration reported in chapter 10 took 94 days of 

continuous 24-hour-a-day simulation. Approximation of the antemortem 

temperature distribution in AM simulations had to be performed for every 

candidate PMI and each took ±27 hours to complete. This was because the ambient 

temperature that existed at the assumed TOD was different for each candidate PMI, 

which affected the approximated antemortem body temperature distribution. 

Thereafter, each hour of simulated postmortem cooling in the PM simulations took 

±7 hours. These lengths of time were mainly due to the number of cells in a grid, 

which primarily depended on physical dimensions of the 3D computational 

phantom and on grid resolution. As stated in chapter 5, the grid resolution used in 

this thesis was so-called ‘normal’. The two higher grid resolution options (‘fine’ 

and ‘very fine’) that were optional would have increased the computational time 

even more. A total of 14 candidate PMIs were tested by the time the matching 

candidate PMI of 4hrs44mins was encountered. The commercial thermal solver 

used in this thesis did not support parallelisation and therefore only one instance of 

it could be run in one computer at a time (licensing agreement conditions). This 

meant that simulations for candidate PMIs had to wait their turn in thermal solver 

queue.  
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One solution to reduce the MAT Protocol computational time would be to use 

multiple computer platforms and multiple thermal solver licenses, in which each 

platform is assigned one candidate PMI to solve. Even so, the computational time 

would be at least be ±27 hours long because of mandatory approximation of 

antemortem body temperature for each candidate PMI. A solution to reduce this 

computational time is obviously required if the protocol is to be practicable in real-

world death-time estimations. It is therefore apparent that more work is required to 

create faster algorithms or to allow parallelization.   
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11.2.8 Historical air temperature from geothermal satellite imagery in the MAT 

Protocol 

The National Aeronautics and Space Administration (NASA)’s Goddard Institute 

for Space Studies (GISS) run the GISS Surface Temperature Analysis programme 

(GISTEMP v4) that estimates global surface temperature change using data files 

from land-based meteorological weather stations and ocean-based data17. The data 

are combined as described by Hansen et al18 and Lenssen et al19. GISTEMP v4 is a 

potential source of GPS-specific historical meteorological data to be applied in the 

MAT Protocol for remote death-scenes that are far from weather stations. Another 

potential source of GPS-specific historical meteorological data is the National 

Oceanic and Atmospheric Administration (NOAA)’s National Centres of 

Environmental Information (NCEI).  
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11.2.9 Expeditious verification of a decedent’s tissue parameters 

As pointed out by Weiser et al20, variation in tissue parameters (density, thermal 

conductivity, specific heat capacity) is a source of uncertainty in numerical methods 

of death-time estimation. Applied values used in this thesis were sourced from the 

literature and may differ from those of the decedent’s body. Access to a body’s 

internal organs as an opportunity to experimentally verify tissue parameters may 

arise not at the death-scene but at the mortuary once the body is removed. A 

minimally-invasive percutaneous technique for expeditious verification of tissue 

parameters at the death-scene is a potential research area that would assist in 

mitigating this uncertainty.  
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11.2.10 CFD simulation of heat transfer by blood flow in blood vessels 

CFD has application in a number of medical sciences, particularly cardiovascular 

medicine, to simulate intravascular blood flow in the living patient. It is used for 

modelling disease processes for improving clinical diagnostics, designing optimised 

implantable prosthetic devices, and improving outcomes of surgical procedures21. 

In the MAT Protocol, coupling CFD with heat transfer modelling would be used to 

simulate heat distribution throughout the living body via the arterial and venous 

systems, heat exchange between the vascular and tissue compartments and heat 

exchange in artery-vein coupled blood vessels. CFD may also be coupled with 

thermoregulation models to enhance them. CFD application would solve for blood 

temperature intrinsically, improving on the Pennes bioheat model22 in which the 

blood temperature value has to be stated by the operator of the model. Certainty of 

CFD solutions would be improved when the 3D computational phantom used was 

built from MRI scans of the decedent, as suggested in 11.2.6 above.  

  



278 
 

11.2.11 Automation of the MAT Protocol 

Advantages that automation of the MAT Protocol would offer towards reducing 

human error and computational time have already been elaborated upon in the 

previous subsections.   
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11.2.12 Simplification of the MAT Protocol using one PM simulation and an 

averaged air temperature value 

The current proposed format of the MAT Protocol entails multiple PM simulations 

that are1 hour long. Longer or shorter periods can be simulated. However, 

simulation of longer periods entails use of averaged air temperature values for that 

period, and one PM simulation would require averaged air temperature, the very 

practice avoided by the MAT Protocol. Use of one versus multiple PM simulations 

would have no bearing on the final simulation time but is technically easier and 

involves fewer operational steps and potential sources of human error. A study to 

evaluate the pros and cons of a single PM simulation in the protocol is required.  
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11.2.13 Simulation of putrefactive decomposition using the MAT Protocol 

Currently, the proposed application of the MAT Protocol is limited to the early PMI 

in which heat transfer occurs. However, the protocol’s scope can be extended to 

include the late PMI in which changes such as putrefaction, mummification and 

adipocerification occur. Putrefaction involves tissue breakdown by autolysis and 

bacterial action and is characterised by distinct patterns of bodily changes, e.g. 

bloating, blister formation, skin slippage, green/black skin discolouration, and 

marbling of subcutaneous veins23. All these changes are caused by postmortem 

biochemical reactions that, in turn, are moisture and temperature-dependent and 

may be numerically simulated to reproduce the distinct patterns.  

Computational biochemistry methods may be used to numerically predict 

putrefactive changes occurring in the 3D computational phantom. Computational 

biochemistry is a broad scientific area of research that uses computation to get 

insight on biological molecules and their many interactions24. These include 

proteins, carbohydrates, nucleic acids, lipids, and other mediators essential for 

cellular activity (including small compounds, metabolites, and cofactors)24. 

Computational biochemistry encompasses the structural and functional 

characterization of biosystems at the molecular level24. This is often performed by 

employing different physical approaches, ranging from classical molecular 

mechanics to quantum mechanics24. In a fashion similar to MAT comparison, 

postmortem changes recorded on a decedent’s body may be correlated with changes 

numerically simulated by computational biochemistry using the MAT Protocol.  

https://www.sciencedirect.com/topics/chemistry/biochemistry
https://www.sciencedirect.com/topics/chemistry/nucleic-acid
https://www.sciencedirect.com/topics/chemistry/compound-metabolite
https://www.sciencedirect.com/topics/chemistry/quantum-mechanics
https://www.sciencedirect.com/topics/chemistry/quantum-mechanics
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11.2.14 Death-scene infrared thermography 

Infrared thermography (thermal imaging) systems detect infrared radiation and 

covert it to an image, similar to a common camera that forms an image using visible 

light25. Infrared thermography has a wide range of applications, including crime 

scene documentation25,26. In the context of the MAT Protocol, infrared 

thermography would assist in 1) the evaluation, documentation and quantification 

of near-field sources of thermal radiation affecting postmortem cooling, 2) 

evaluation, documentation and quantification of skin/clothing temperature, 3) 

detection of the original body location and posture if postmortem tempering and 

repositioning occurred within a reasonable time prior to thermography, and 4) the 

evaluation, documentation and quantification of ground-surface temperature, e.g. 

heated floor, to facilitate numerical modelling. Modelling a crime scene in 3D, as 

suggested in 11.2.2 above, and adding infrared thermal information, as 

demonstrated by Van Iersel et al26, would form the dataset on which comparisons of 

the MAT Protocol’s simulations are made.  
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11.2.15 Modelling sources of strong indoor thermal radiation and heat sink 

As stated in 11.2.14 above, infrared thermography can document thermal intensity 

from indoor sources of thermal radiation in proximity to the body. Such sources 

need to be modelled accurately in the simulation environment so that their effect on 

the 3D computational phantom can be accurately represented. The dimensions, 

make, model, power rating and power setting of an electric thermal radiation source 

would need to be documented for accurate modelling. In addition to detecting 

sources of strong thermal radiation, infrared thermography can also detect strong 

thermal sinks not immediately appreciated by the naked eye, such as ground ice or 

snow under the dead body that could be colder than ambient air temperature.  
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11.2.16 Modelling effects of natural solar radiation, shades, and cloud cover 

Solar thermal radiation affects the rate of postmortem cooling by increasing 

skin/clothing temperature. The amount of solar thermal radiation absorbed by a 

body after death depends on a number of factors, including the body’s orientation 

on the ground relative to the north pole, earth’s distance from the sun (due to 

season), hours of sunshine (due to season), time of day, amount of cloud cover, 

shade and shadows of nearby tall objects or landscape, additional reflected solar 

radiation, the colour of clothes, and atmospheric clarity. The discrete-ordinates 

method by Chandrasekhar27 is used to approximately solve the radiative transfer 

equation (a five-dimensional integro-differential equation with three spatial and two 

directional coordinates)28 by discretizing both the xyz-domain and angular variables 

that specify the direction of radiation. The discrete-ordinate method is commonly 

applied in several physics and engineering numerical simulation programs, e.g. 

COMSOL Multiphysics29. Simulation of postmortem solar radiation in the MAT 

Protocol is a potential research topic that would be beneficial for death-time 

estimation. 
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11.2.17 Simulation of flowing liquid using CFD in submersion deaths 

Simulation of convective cooling on a body fully/partially submerged in a flowing 

body of water is possible when CFD is coupled with a thermal solver. The Henβge 

rectal temperature nomogram method applies corrective factors for correction of 

fluid flow.  
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11.2.18 Automated assignment of material properties using automatic object 

detection 

In the science of computer vision, object detection allows computers to detect and 

identify objects presented to them in the form of images. Several techniques such as 

Deep Learning and Transfer Learning are used to ‘teach’ computers. Deep Learning 

algorithms extract high-level, complex abstractions as data presentations through a 

hierarchical learning process30 similar to that of the human brain. Object 

identification has a wide range of applications, including in self-driving or 

autonomous vehicles by such companies as Tesla and Google. Some object 

identification applications of smartphones can identify types of flowers, plants, 

birds, fish etc. from images taken by the smartphone’s camera. Object identification 

can be easily adopted to images of a death-scene for automated identification and 

assignment of material properties of ground-surface materials, sources of thermal 

radiation and other objects relevant to the postmortem heat transfer process. 

  



286 
 

11.2.19 Skin thermal conductivity adjusted to simulate clothing during postmortem 

cooling 

One way to overcome absence of numerical modelling techniques for clothes would 

be to establish and add the thermal resistance value of each clothing item to the 

thermal resistance value assigned to the skin of the 3D computational model. This 

technique was used by Stolwijk31 thermoregulation model.  
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11.2.20 Numerical simulation of natural condensation during postmortem cooling 

Natural condensation such as dew formation affects the rate of postmortem cooling 

by evaporative cooling on the surface of the dead body. Formation of dew depends 

on a number of meteorological factors including air temperature, barometric 

pressure, and relative humidity (dew point). Neither empiric nor numerical methods 

of death-time estimation today account for the cooling effects of natural 

condensation on postmortem cooling. Numerical simulation of water vapour 

condensation32 can be applied in the MAT Protocol using relative humidity data 

from the meteorological record.   
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11.2.21 Numerical simulation of natural precipitation during postmortem cooling 

The three common forms of natural precipitation that affect postmortem cooling are 

rain, snow, and hail. The effect of natural liquid precipitation such as rain on a dead 

body is to wet the dead body’s clothing items, if the body is clothed, or to wet the 

naked skin. Wet clothes in turn would accelerate postmortem cooling by 

evaporative skin cooling. Fluid drops landing on the naked skin would also absorb 

heat from skin and result in accelerated cooling in comparison to dry skin. Fluid 

viscosity would predict the potential maximum flow-off rate of the liquid 

precipitant while body position, posture and anatomical location of each drop/liquid 

collection would determine the flow-off rate from the body. Numerical simulation 

of wet clothing is described in the literature33. These techniques can be applied in 

the MAT Protocol.  

Numerical simulation of snowfall over complex terrain was described by Wang and 

Huang34. Such a technique would be suitable for simulating snowfall over the 

complex topography of a 3D computational phantom. Heat transfer from the body 

to snowfall on the body would result in accelerated skin cooling. Numerical 

simulation of snow melting as described by Nagai et al35 could be performed for 

this effect. Numerical simulation of heat transfer with hail particles and subsequent 

melting can also be undertaken. For each type of precipitation, the amount or rate 

precipitation to be applied in the MAT Protocol would be obtained from the 

historical meteorological record. Again, the MAT Protocol would simulate the 

exact amount of precipitation that occurred during the final estimated PMI. 
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11.2.22 Death-time estimation in children using the MAT Protocol 

The MAT Protocol can equally be applied to death-time estimation of infants and 

small children using the same size or smaller MAT device and appropriate 3D 

computational phantoms from the Virtual Population. 
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11.2.23 Application of the MAT Protocol in real-world case work 

Application in real-life case work would be the ultimate platform on which of the 

MAT Protocol would be verified.  
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11.2.24 Numerical forensic entomology modelling coupled with the MAT Protocol 

for death-time estimation from putrefaction to skeletonization 

Forensic entomology involves the study of the natural life cycle and interactions of 

insects that colonise and use a decomposing body (carrion) as a food source. Insects 

visit and inhabit carrion in waves of often predictable pattern, a process called 

insect succession. Pregnant female blow flies (Diptera: Calliphoridae), house flies 

(Diptera: Muscidae) or flesh flies (Diptera: Sarcophagide) arrive on a dead body 

and begin laying eggs within minutes after death36. Oviposition is on moist body 

surfaces such as eyes, nostrils, mouth, open wounds etc. The flies fly only when the 

weather is favourable, i.e. warm, no rain, daylight. Deposited eggs incubate over a 

number of hours, the rate of which is temperature dependent.  

Upon hatching, larvae aggregate as they secrete digestive enzymes to break down 

carrion, to form maggot-masses consisting up to several hundred-thousand 

individuals. Maggot-masses generate heat that can be several degrees Celsius above 

ambient temperature36. The heat enhances their motility, digestion, growth, and 

denaturation (cooking) of carrion protein. The maggot-mass confers protection of 

individual larvae but represents intense competition for heat and nutrition. Larvae 

undergo several stages of maturation (insta stages) as their length and width 

increase. When no further growth can occur, the larvae stop feeding, leave the 

carrion and bury themselves in the surrounding soil to begin pupation. Fly larvae 

attract higher-order insects such as beetles that feed upon them.  
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The maturation stage of a fly larva and evidence of higher-order insect predictors 

are used by forensic entomologists to estimate the minimum PMI required for those 

observations to exist after oviposition, which is assumed to occur immediately after 

death. Such estimation is done by collection of mature fly larvae from the dead 

body and collection of any unhatched fly eggs. The larvae are killed by alcohol or 

hot-water submersion, while the eggs are incubated and reared in the laboratory 

under constant ambient temperature calculated using the Accumulated Degree Day 

(ADD) concept (because of the problem of the TOD being the unknown, as 

discussed in 3.2.8). The effect of maggot-mass temperatures on larvae growth rates 

cannot be represented by the ADD method and may result in lower laboratory 

growth rates and thus uncertainty in forensic entomology PMI estimation37. A 

forensic entomology numerical model to be implemented alongside the MAT 

Protocol would: 

 simulate oviposition only under favourable environmental conditions and 

only on moist surfaces of a 3D computational human phantom by 

numerical fly species common in the region, 

 simulate egg incubation using historical meteorological data according to 

the MAT Protocol and do away with ADD, 

 simulate larva motility using a simulated sensory-motor system and known 

larva motility rates,  

 simulate maggot-mass formation and inter-individual larva competition 

determined by larva size, larva age and larva temperature. 
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 simulate maggot-mass heat generation and heat transfer by thermal 

conduction, thermal radiation, thermal convection, friction, and larva 

motility,  

 simulate temperature-dependent larval growth rates,  

 simulate insect succession and larva predation, and 

 simulate progressive loss of soft tissue of the 3D computational phantom.  

The process of death-time estimation using the MAT Protocol would involve 

iterative comparisons of: 

a) blowfly larvae size, 

b) insect succession, 

c) extend of soft tissue loss due to larva consumption, and  

d) extent of body skeletonization predicted in the numerical simulation relative 

to that documented at the scene for several candidate PMIs. 

It would make sense to couple such an entomology numerical model with the 

numerical method of simulating putrefaction and skeletonization discussed in 

11.2.13. 
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11.2.25 The MAT Protocol, Big Data Analytics, Deep Learning and Artificial 

Intelligence  

As application of the MAT Protocol l is predicted to become increasingly complex 

and data-intense, obvious future arenas in which numerical death-time estimation 

methods will play themselves out are Big Data Analytics30, Deep Learning30 and 

Artificial Intelligence (AI). The numerical nature of the MAT Protocol allows 

coupling of any numerical simulation technique relevant to death-time estimation. 

The multiple techniques suggested in the preceding subsections may evidently need 

to be coupled simultaneously, as occurs in nature. The MAT Protocol and its 

extended applications thus would qualify numerical death-time estimation as a 

stand-alone science – namely Numerical Thanatochronometry.   
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